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Volume Calibration of Apparatus with Standard Ground Joints, 
Especially Warburg Manometers 


By F. DICKENS 
Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, London, W. 1 


(Received 9 September 1950) 


It is now current practice for Warburg manometers 
to be supplied with interchangeable ground joints 
between the manometer and its vessel. Conse- 
quently it is possible to use any vessel with any mano- 
meter. Spare vessels can be kept in stock to replace 
breakages. But to make proper use of these ad- 
vantages, the method of calibration must enable the 
volume of any such combination of vessel and mano- 
meter to be at once available. The following method, 
which has been in use in our laboratory for several 
years, has proved most practical and useful for this 
purpose. It is more versatile and convenient than 
other recently described methods (Schales, 1944; 
Loomis, 1949; Maxwell, 1949). It also has ad- 
vantages over the method of Allen (1948), which only 
recently came to our notice. 


METHOD 


The extra apparatus required consists of a small 
conical flask (B, Fig. 1) of about 10 ml. capacity 
which is fitted with a ground stopper (A) of the 
standard taper and size used for the manometers. 
The stopper is provided with a short capillary as 
shown in Fig. 1, so that with flask B it constitutes in 
effect a small specific gravity bottle. 

Mercury is normally used for calibration. The 
volume (c ml.) of the flask closed by its capillary 
stopper is determined once and for all by weighing it 
first empty and then filled completely with mercury. 
The vessels and manometers to be used are then 
calibrated separately in conjunction with A and B 
respectively. For this purpose the manometer 
vessel (D, Fig. 1) is first filled with mercury and 
stopper A is inserted so that its capillary is filled to 
the top. The volume of mercury so contained is 
denoted by v ml. Now the contribution to the total 
volume made by the manometer (C) is determined. 
The small flask B is filled with mercury and pressed 
on to the ground joint of the manometer, which 
should be lightly greased as usual. This action 
causes the mercury to rise in the manometer capillary 
side arm until it fills this as far as the T-junction with 
the U-tube of the manometer, any excess mercury 
being allowed to flow away down the U-tube. In the 
usual way (see, for example, Schales, 1944), the main 
limb of the manometer is filled with mercury from 
the top stopcock down to the zero mark at which the 
manometer fluid will normally be levelled in use. We 
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customarily use the 150 mm. centre calibration on 
the manometer scale. This total quantity of mercury 
is then run into a tared beaker and weighed, giving 
the volume, m ml., of the manometer in conjunction 
with the calibration flask. 








Total vol. c (ml.) 


Total vol. V (ml.) 
A B C D 


Fig. 1. Calibration bottle and a manometer with its vessel 
(diagrammatic). A, stopper of calibration bottle; B, flask 
of calibration bottle; C, Warburg manometer; D, Warburg 
manometer vessel. (For other symbols see text.) 


The factor for calculation of volume from weight 
of mercury at the temperature of the respective 
measurements is taken from one of the published 
tables. 

Calculation 


The volume (V ml.) of the vessel and of its mano- 
meter capillary to the usual zero mark on the mano- 
meter limb is given by simple arithmetic 

V=m—c+v. 
It is convenient to write on each manometer back the 
value of (m—c), expressed in ml., and to keep in the 
note-book a list of values of v (ml.) for the various 
manometer vessels. The volume of any combination 
of vessel and manometer can then be worked out 
instantly. 
Theory 

In Fig. 1 the broken reference line, RR, is drawn at 
an arbitrary level such that it passes through cross- 
sections of equal diameter of each of the ground joints 
shown in Fig. 1. This diameter does not need to be 
known, but drawing RR makes the explanation 
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clearer. (I wish to thank Dr C. T. Beer for this 
suggestion.) Reckoning from this reference line, the 
volumes of mercury (ml.) contained in the shaded 
areas of Fig. 1 are denoted by w, 2, y, z, as shown by 
the lettering on Fig. 1. The volume of glass below the 
reference line for the stopper A is g,, and for the 
manometer C is gg. The total volume of the vessel 
plus manometer capillary is then evidently 


V=z+(y—Qe)- 





But C=x“Z+W-Gy, 
and M=XL+Y—Jo; 
also V=W+Z2-Gy- 
Hence M—C=Y—W—JotGJa> 


and by addition m—c+v=z+(y—g,)=V. 


Check of accuracy 
A set of thirty-six vessels and fourteen mano- 
meters has been calibrated both by the usual method 
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and by the new method described. All estimations 
agreed within 0-02 ml. except in one instance where 
a repeat showed that there had been an error due to 
leakage in the calibration by the older method. This 
was due to the very large weight of mercury dangling 
on the end of the manometer which is inevitable in 
the older method. The repeat agreed exactly with the 
calibration by the method described above. 


SUMMARY 


1. A method is described for the volume calibra- 
tion of vessels provided with standard ground 
connexions. 

2. It is particularly suitable for the calibration of 
Warburg manometers, which can be used inter- 
changeably with any vessels also calibrated by the 
method described. 
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Studies on the Metabolism of Semen 
7. CYTOCHROME IN HUMAN SPERMATOZOA 


By T. MANN 
Molteno Institute, University of Cambridge 


(Received 8 August 1950) 


It was not for lack of endeavour that the spectro- 
scopic evidence for the occurrence of cytochrome in 
human spermatozoa remained negative for so long. 
The repeated failures to demonstrate cytochrome 
led to much speculation as to the nature of the 
mechanism involved in the respiration of human 
semen, the more so since it has been stated that the 
oxygen consumption of the semen is associated 
predominantly with the seminal plasma and not with 
the spermatozoa as such (MacLeod, 1941, 1943; 
Ross, Miller & Kurzrok, 1941; Zeller, 1941). In 
contrast to these findings, the results of our studies 
on ram and bull semen (Mann, 1945a, b) have shown 
that (1) the oxygen uptake of bull and ram semen is 
due almost entirely to the spermatozoa themselves ; 
(2) bull and ram spermatozoa show, on direct 
spectroscopic examination, a complete spectrum of 
cytochrome, with all three cytochromes, a, b and c, 
clearly discernible; (3) the cytochrome components 
of spermatozoa undergo oxidation and reduction 
according to prevailing conditions of aerobiosis or 
anaerobiosis; (4) spermatozoa contain cytochrome 


a, which reacts with carbon monoxide to form a 
compound identical with the carbon monoxide 
compound of cytochrome oxidase or cytochrome 4, 
originally described by Keilin & Hartree (1939) in 
heart-muscle preparations. 

The direct spectroscopic technique, as used for the 
detection of cytochrome in bull and ram sperma- 
tozoa, was found to be of no avail for human semen, 
mainly, as we suspected, because of the low sperm 
density of human semen: specimens of normal 
human semen seldom exceed a density of 100,000 
sperm/yl., whereas in bull semen the sperm concen- 
tration is of the order of 1,000,000 cells/pl., and in 
ram semen it may reach 5,000,000 cells/l. (Mann, 
1949). However, a re-examination of the problem 
concerning the occurrence of cytochrome in human 
semen was made possible recently through the new 
spectroscopic technique of Keilin & Hartree (1949, 
1950), who discovered that freezing of biological 
material to the temperature of liquid air sharpens 
and intensifies 20-fold the absorption spectra of 
certain haemoproteins including cytochrome. The 
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application of the new technique to human semen 
made possible a successful demonstration of the 
complete spectrum of cytochrome in both the whole 
semen as well as in washed suspensions of human 
spermatozoa. 


EXPERIMENTAL 


The material consisted of semen from several normal donors. 
Human semen coagulates immediately after ejaculation, but 
a little later it liquefies again; for this reason the spectro- 
scopic examination was postponed as a rule until at least 
20 min. after the emission. In the case of whole semen 
0-5-1 ml. was used. This was mixed with an equal volume of 
glycerol, and a few mg. of sodium dithionite, Na.S,0,, were 
added where the reduction of cytochrome was required. 
Washed sperm suspensions were prepared by centrifuging 
the semen, washing the sperm once with fructose-Ringer- 
phosphate solution, and resuspending the spermatozoa in 
fresh fructose-Ringer-phosphate solution. The technique of 
washing was essentially the same as previously described for 
the preparation of bull and ram sperm suspensions (Mann, 
1946). Even more care, however, was necessary for the wash- 
ing of human spermatozoa in view of their greater fragility. 
The sperm suspensions were made up with fructose-Ringer- 
phosphate solution to a concentration of 200,000 sperm/yl. 
0-5 ml. was used for the spectroscopic examination of cyto- 
chrome, after dilution with an equal volume of glycerol. In 
the actual spectroscopic experiments the procedure of Keilin 
& Hartree (1949, 1950) was closely followed. The semen or 
sperm suspension diluted with glycerol was introduced into 
a pyrex glass tube the end of which was in the form of a flat 
disk-shaped cell with an optical depth of 4 mm. The tube 
was immersed in a Dewar vessel containing liquid air or 
liquid O,, and after complete freezing (usually after about 
0-5 min.) taken out and placed in front of the microspectro- 
scope. With the gradual rise of temperature a stage is 
reached (within less than i min.) when the colourless vitrified 
material acquires an amber colour, just before turning into 
a white crystalline mass. If at this point the tube is recooled 
in the Dewar flask and after a few seconds again removed 
from the liquid air and placed before the microspectroscope, 
the complete cytochrome spectrum becomes clearly visible. 


RESULTS 


Whole human semen diluted with glycerol and 
examined in absence of a reducing agent shows 
mainly the diffuse spectrum of oxidized cytochrome. 
However, after the addition of the reducing agent the 
characteristic four-banded spectrum of reduced 
cytochrome becomes visible, with the cytochrome 
a band much more prominent than c, and the cyto- 
chrome c band stronger than 6. A similar picture is 
obtained with washed sperm suspensions in fructose- 
Ringer-phosphate solution. Freshly prepared sperm 
suspensions show mainly the spectrum of oxidized 
cytochrome. This can be reduced in two ways, either 
by the addition of sodium dithionite or by allowing 
the sperm cells to stand in fructose-Ringer-phosphate 
solution at 37° for 1-16 hr. On aeration of these in- 
cubated suspensions the cytochrome reverts to the 
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oxidized form. When human spermatozoa are 
frozen in liquid air and preserved in the frozen state 
for 2 weeks, the cytochrome spectrum undergoes 
little change. Similarly, several freezing and thaw- 
ing operations in quick succession produce little 
change in the cytochrome spectrum. Yet, in spite of 
the apparently unaltered spectroscopic appearance 
of sperm cytochrome, it is possible to demonstrate 
that freezing followed by thawing inflicts upon 
spermatozoa considerable damage. A large number 
of spermatozoa become immotile ; moreover, while in 
fresh semen and fresh sperm suspensions, the cyto- 
chrome is confined entirely to the spermatozoa and 
none is seen in the suspending medium, both storage 
and repeated freezing and thawing cause a marked 
leakage of cytochrome c into the surrounding 
medium. This can be observed when the seminal 
plasma or the Ringer medium is examined after 
separation from spermatozoa by centrifugation. 

The observation regarding the extracellular 
appearance of cytochrome c in human semen has 
been extended to other species as well. Changes 
similar to those described above could be produced 
in spermatozoa of rat, rabbit, bull, ram and boar. In 
addition, it has been found that if semen or sperm 
suspensions of man, bull, ram and boar are not sub- 
jected to freezing, but are transferred soon after 
ejaculation to 5, 10, 15, 25 or 37°, the storage at these 
temperatures will also lead to a slow but distinct 
diffusion of cytochrome c from the spermatozoa into 
the storage medium whether that be the seminal 
plasma or an artificial medium such as fructose- 
Ringer-phosphate solution. For example, in ram 
semen stored at 10° extracellular cytochrome c is 
discernible already after 24 hr. In hypotonic media 
and distilled water the rate of diffusion of cyto- 
chrome c is much increased. Thus, if an aqueous 
suspension of ram spermatozoa, 2,000,000/yl., is 
left at 10° for 24 hr. and then centrifuged, the centri- 
fugate is faintly pink, the colour being due to 
cytochrome ¢, in spite of the fact that distilled water 
as such does not plasmolyse either the tails or the 
heads of the spermatozoa. 

The damaging influence upon spermatozoa of 
sharp centrifugation, shaking or aeration, can also 
be detected by the spectroscopic demonstration of 
cytochrome c in the cell-free solution. 


DISCUSSION 


Human semen has a much lower sperm density than 
ram or bull semen. This, together with the great 
fragility of human spermatozoa, explains to some 
extent the lack of success in the earlier investigations 
on human semen which were concerned with intra- 
cellular components such as cytochrome or the 
phosphorylating enzymes. The present study pro- 
vides a means for the demonstration of cytochrome 
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a, 6 and ¢ in human spermatozoa. Thus, in this 
respect, the human sperm cells do not differ from 
those of other mammals. On the basis of this fact, 
and some other recent findings on the fructose 
content (Mann, 1946; Harvey, 1948), glycolysis 
(MacLeod, 1943) and respiration (Davis & McCune, 
1950) of human semen, one can now abandon the 
view whereby the metabolism of human spermatozoa 
was said to differ markedly from that of other 
mammalian species. 

The successful demonstration of cytochrome in 
human spermatozoa has been made possible by the 
application of the new spectroscopic technique of 
Keilin & Hartree (1949, 1950) which depends on the 
use of liquid air to intensify the absorption spectrum 
of cytochrome. In fresh semen and in freshly pre- 
pared sperm suspensions, all three cytochromes, 
a, b and c, were found to be confined to the sperma- 
tozoa themselves, and none was seen in the seminal 
plasma. Freezing to a temperature of — 185° and 
storage in a frozen state had remarkably little effect 
on the cytochrome content of the semen as a whole; 
however, when the sperm and seminal plasma were 
examined separately it was found that operations 
such as freezing and subsequent thawing caused 
leakage of cytochrome c from the spermatozoa into 
the seminal plasma. A similar phenomenon was 
observed in semen incubated at 5—-15°, as in the 
practice of sperm storage for the purpose of artificial 
insemination. It would seem that the spectroscopic 
detection of extracellular cytochrome c may provide 
a new and sensitive indicator of senescence changes 
in spermatozoa. The phenomenon of ‘leakage’ of 
cytochrome c provides in itself one more illustration 
of the remarkable ease with which large molecules, 
including proteins, can detach themselves from the 
sperm structure. Another such example is the re- 
lease of hyaluronidase by the spermatozoa into the 
surrounding medium (Hechter & Hadidian, 1947; 
Johnston & Mixner, 1947; Swyer, 1947a, b; Perlman, 
Leonard & Kurzrok, 1948); probably the liberation 
of hyaluronidase, like that of cytochrome c, indicates 
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a moribund cell population and is not a feature of 
fresh, intact spermatozoa. 

Results of experiments on the effect of freezing in 
liquid air on the cytochrome in spermatozoa recall 
several observations made in recent years on the 
survival of spermatozoa at low temperatures 
(Jahnel, 1938; Luyet & Hadapp, 1938; Hoagland & 
Pincus, 1942; Shaffner, 1942; Parkes, 1945; Polge, 
Smith & Parkes, 1949). Spermatozoa of many 
species, including man, were shown to be capable of 
survival in semen frozen rapidly to temperatures 
between —79° and —185°, and subsequently 
thawed quickly by plunging into warm medium. In 
this type of experiment human spermatozoa showed 
themselves particularly resistant to vitrification, 
and a high proportion regained motility after 
thawing. 

SUMMARY 

1. Contrary to the views generally held, human 
semen is shown to contain cytochrome. Using the 
new spectroscopic technique of Keilin & Hartree 
(1950), which depends on manifold intensification of 
the absorption spectra in liquid air, cytochromes a, 
b and c have been detected. 

2. In fresh human semen cytochrome is present 
mainly in the oxidized form. It undergoes reduction 
on incubation of sperm suspensions in fructose- 
Ringer-phosphate solution. It is re-oxidized by 
aeration of the suspensions. 

3. In fresh semen of man, ram, bull and boar, all 
three cytochromes are confined to the spermatozoa, 
none being present in the seminal plasma. Under 
storage conditions, however, as well as under certain 
other conditions which cause gradual damage or 
senescence of the sperm cells, cytochrome c is re- 
leased by the cells into the surrounding medium. 

4. The effect of freezing on sperm cytochrome is 
compared with the survival of spermatozoa in 
liquid air. 

This investigation was carried out on behalf of the Agri- 
cultural Research Council. I wish to thank Prof. D. 
Keilin, F.R.S., for his valuable advice. 


REFERENCES 


Davis, M. E. & McCune, W. W. (1950). Fertility and 
Sterility, 1, 158. 

Harvey, C. (1948). Nature, Lond., 162, 812. 

Hechter, O. & Hadidian, Z. (1947). Endocrinology, 41, 204. 

Hoagland, H. & Pincus, G. (1942). J. gen. Physiol. 25, 337. 

Jahnel, F. (1938). Klin. Wschr. 17, 1273. 

Johnston, J. E. & Mixner, J. F. (1947). J. Anim. Sci. 6, 
498. 

Keilin, D. & Hartree, E. F. (1939). Proc. roy. Soc. B,127, 167. 

Keilin, D. & Hartree, E. F. (1949). Nature, Lond., 164, 254. 

Keilin, D. & Hartree, E. F. (1950). Nature, Lond., 165, 504. 

Luyet, B. J. & Hadapp, E. L. (1938). Proc. Soc. exp. Biol., 
N.Y., 39, 433. 

MacLeod, J. (1941). Amer. J. Physiol. 132, 193. 

MacLeod, J. (1943). Ann. Rev. Physiol. 5, 399. 


Mann, T. (19454). Biochem. J. 39, 451. 

Mann, T. (19456). Biochem. J. 39, 458. 

Mann, T. (1946). Biochem. J. 40, 481. 

Mann, T. (1949). Advanc. Enzymol. 9, 329. 

Parkes, A. S. (1945). Brit. med. J. 2, 212. 

Perlman, P. L., Leonard, S. L. & Kurzrok, S. (1948). 
Endocrinology, 42, 26. . 

Polge, C., Smith, A. U. & Parkes, A. S. (1949). Nature, 
Lond., 164, 666. 

Ross, V., Miller, E. G., Jun., & Kurzrok, R. (1941). Endo- 
crinology, 28, 885. 

Shaffner, C. 8. (1942). Science, 96, 337. 

Swyer, G. I. M. (1947a). Biochem. J. 41, 409. 

Swyer, G. I. M. (19476). Biochem. J. 41, 413. 

Zeller, W. A. (1941). Helv. chim. Acta, 24, 117. 





OT Ns 


Vol. 48 


389 


The Specific Determination and Detection of Glucose as a 
Probable Constituent Radical of Certain Fructosans 
by Means of Notatin 


By ANNE PALMER 
The Biochemical Laboratory, University of Cambridge 


(Received 4 August 1950) 


For some time reports have appeared that fructosans 
isolated from a number of different plant species 
contain small proportions of an aldohexose, usually 
D-glucose, as an integral part of their structures. The 
whole question is in some confusion. In the present 
work the specific action of glucose oxidase (‘notatin’) 
has been applied to this problem as this enzyme can 
be expected to yield unequivocal evidence, both 
qualitative and quantitative. The polysaccharides 
examined were (a) inulin, (6) levan isolated from 
grasses and that synthesized by Bacillus subtilis 
from sucrose, and (c) irisin. It must be noted that the 
inulins used in this work are the polysaccharides 
isolated from subterranean storage organs of certain 
Compositae and purified by means of their in- 
solubility in cold water, and not material obtained 
by simple ethanolic precipitation of aqueous 
solutions (cf. Jackson & McDonald, 1930). 

Most previous investigators of the suspected 
aldose content of fructosans have worked on inulin, 
isolated in various ways and not always purified 
according to modern standards. Further work, 
carried out in France, includes investigations of 
other fructosans of widely different types from mono- 
cotyledonous plants. These substances do not lend 
themselves to purification so readily as does inulin. 
Fructosans from Narcissus (Belval, 1937; Belval & 
de Grandchamp, 1949), from <Asphodelus micro- 
carpus (Belval & de Grandchamp, 1949), from the 
bulbs of Scilla maritima (Colin & Chaudin, 19336) 
and from Lycoris squamigera (Belval, 1931) have 
been found to contain glucose. Finally, glucose has 
been found by Belval & Delaporte (1947) to exist in 
the levan synthesized by Phytobacterium vitrosum 
from sucrose. Phlein, obtained from the roots of 
Phleum pratense by Schlubach & Sinh (1940), is 
stated by Belval & de Grandchamp (1949) to contain 
no glucose. 

The usual procedure has been first to subject the 
polysaccharide to mild acid or enzymic hydrolysis; 
in the latter case crude enzyme preparations were 
often employed and more than one enzyme may have 
been present. The aldose content of the hydrolysate 
so obtained was then determined by oxidation with 
hypoiodite or by polarimetry, neither method being 


specific for glucose. In a few instances crystalline 
derivatives of D-glucose have been isolated; e.g. 
Schlubach & Elsner (1929) isolated «-pentaacetyl p- 
glucose from the acetolysis products of triacetyl 
inulin, but it is not clear how these authors purified 
the inulin used for this experiment. In addition, 
treatment of hydrolysates of fructosans with 
methanol in the presence of emulsin (Bourquelot & 
Bridel, 1921) has led to the isolation of £-methyl 
pD-glucoside in a number of instances. Colin & 
Chaudin (1933a) have, by this method, obtained 
qualitative evidence of the presence of glucose 
radicals in synanthrin (Tanret, 1893), which is the 
most ethanol-soluble fructosan fraction isolated 
from tubers of Helianthus tuberosus. Qualitative 
evidence of the presence of glucose was similarly 
found by the workers quoted above in hydrolysates 
of the fructosans from Scilla maritima, Lycoris 
squamigera and Phytobacterium vitrosum. In all this 
work, however, there is always the possibility that 
the glucose may have originated in contaminating 
material of a non-fructosan nature. 

Polarimetric examinations of hydrolysates can 
afford only approximate values for the amount of 
glucose present, since the calculations used take no 
account of optically active components other than 
glucose and fructose. For instance, with inulin, such 
calculations are complicated by the presence of 
difructose anhydrides (Jackson & Georgen, 1929). 
Attempts to determine small amounts of glucose in 
the presence of large amounts of fructose by means of 
oxidation of the aldose with hypoiodite are also un- 
satisfactory. Bailey & Hopkins (1933) have shown 
that fructose is undoubtedly oxidized by hypoiodite, 
the degree of oxidation being difficult to control as it 
depends, among other factors, on the rate of addition 
of the alkali, especially when sodium hydroxide is 
used. Reduction of hypoiodite by ketoses has also 
been found by the author to occur when the alkali 
employed is sodium carbonate (Macleod & Robison, 
1929), or phosphate (Ingles & Israel, 1948). With both 
systems it has been found that, for example, 
1:3:4:6-tetramethyl D-fructose consumes an appreci- 
able amount of hypoiodite. Furthermore, mixtures 
of crystalline methylated glucoses and fructoses in 
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proportions of the order existing in fractions of 
hydrolysed methylated inulin (Hirst, McGilvray & 
Percival, 1950) reduce more hypoiodite than 
corresponds to the amount of aldose present. That 
the hypoiodite consumption of our purest 1:3:4:6- 
tetramethyl p-fructose, which cannot be obtained 
crystalline, is not due to the presence of furfural or its 
derivatives was shown by measurement of the ultra- 
violet absorption of the material by Mr P. D. 
Mitchell of this laboratory (cf. Hirst & Young, 1938). 
The quantity of furfural derivatives present was 
negligible. Further, the complete absence of glucose 
derivatives in the material was confirmed by paper 
chromatography. 

In the work now to be described the polysac- 
charides were hydrolysed by 0-05N-sulphuric acid at 
100° and glucose in the hydrolysates was estimated 
by the use of notatin (Keilin & Hartree, 1948). 
Control experiments on samples of pure fructose and 
sucrose were carried out simultaneously ; in the case 
of fructose the measurable oxygen uptake of the 
system was only very slight. In hydrolysates of 
most of the fructosans examined D-glucose was 
found to the extent of 2-3 %, but where the molecule 
is undoubtedly of considerable size, as with irisin and 
bacterial levan, the glucose content was much lower. 


EXPERIMENTAL 


Isolation and purification of polysaccharides 
and sugars 


Dahlia inulin. This was kindly provided by Dr C. 8. 
Hanes, F.R.S., who isolated it according to McDonald (1946). 
Further purification was effected by recrystallization from 
water containing a trace of NH,OH. During recrystallization 
the inulin was fractionated into rapidly and slowly crystal- 
lizing fractions, the former being collected on a filter and 
the latter by centrifugation. 

Inulins from Taraxacum officinale and Inula Helenium. 
These samples were isolated by Dr D. J. Bell according to 
Onslow (1929), deproteinization of neutral extracts of the 
storage organs being effected by lead acetate, and the inulin 
precipitated from a neutral aqueous solution with an equal 
volume of ethanol. Further purification was effected by the 
author by recrystallization of each sample three times 
from water, the inulin being frozen out in each case. 

Levan from grasses. This polysaccharide is contained in the 
leaves of certain grasses. Samples of dried grass of authentic 
strain were provided by the co-operation of Dr J. A. B. Smith 
of the Hannah Dairy Research Institute, and levan isolated 
according to the following method, evolved in 1947 by 
Dr J. S. D. Bacon in this laboratory. 

HgCl, solution (11. of 0-1% w/v) was percolated through 
200 g. of the dried grass, previously mixed with 5 g. of finely 
powdered HgCl,, packed in a glass column of length 1 m. 
and diameter 3-5 cm., using slight suction (30 cm. Hg). The 
aqueous extract (500 ml.), which could be shown to contain 
all the water-extractable carbohydrate, after adjustment to 
pH 8, was then treated with a solution containing 33 % (w/w) 
barium acetate monohydrate. The precipitate formed was 
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collected by filtration on a layer of Hyflosupercel. To the 
filtrate was added 150 ml. of hot (100°) saturated Ba(OH), 
solution and the resulting precipitate, which contained the 
barium-polysaccharide complex, allowed to settle over- 
night. The solid was then collected on a hardened filter paper 
(Whatman no. 50) and washed with cold, saturated Ba(OH), 
solution until the washings were colourless. The solid com- 
plex, suspended in warm water, was decomposed by CO,, 
the process being complete when the pH had fallen to 8. The 
residual solid was removed by filtration on a layer of charcoal, 
and the filtrate (pale yellow) concentrated at 40° under 
reduced pressure, any barium ions remaining being removed 
by judicious addition of saturated K,SO, solution. The 
barium-free solution was finally treated with charcoal, 
filtered, and the polysaccharide precipitated by the addition 
of ethanol to a concentration of 80% (v/v). The polysac- 
charide was then redissolved in a minimum volume of water 
and reprecipitated. The final product was dehydrated with 
absolute ethanol, acetone and light petroleum (b.p. 40-60°), 
and dried in a high vacuum over P,O; and solid NaOH. 

The levan so obtained is a white powder, soluble in water 
but insoluble in organic solvents. [«]}8°-40-8° in water 
(c, 4:0). A typical yield from 200 g. dried Italain rye-grass 
was 6-7 g. 

For the experiments described in this paper further puri- 
fication was effected by two to ten additional reprecipita- 
tions. In some cases the material was fractionated by pre- 
cipitation at concentrations of 60, 70 and 80 % (v/v) ethanol, 
from which were precipitated 87, 8 and 5% of the material 
respectively. 

Samples of levan from Italian rye-grass were prepared by 
the author, and samples of levan from the grass leafy cocks- 
foot, Dactylis glomerata, were kindly supplied by Prof. J. 
Beattie. 

Irisin from wild Iris pseudacorus. Irisin was isolated from 
the rhizomes of wild J. pseudacorus according to the method 
of Euler & Erdtmann (1925) in the laboratory of Prof. J. 
Beattie, who kindly provided samples. 

Even after acetylation and deacetylation the polysac- 
charide contained some material interfering with the action 
of notatin; this was removed by dialysis for 1 week against 
repeated changes of glass-distilled water. 

Levan synthesized by Bacillus subtilis from sucrose. This was 
prepared by Mr V. W. Leonard of the Sub-department of 
Chemical Microbiology, Cambridge, according to Hibbert & 
Brauns (1931). Purification was not effected by electro- 
dialysis, as described by these authors, but the material was 
first dialysed by Dr D. J. Bell against glass-distilled water 
containing a trace of thymol until the dialysate contained no 
fructose detectable with resorcinol. The polysaccharide was 
isolated as a dry solid by freeze-drying as all attempts to 
precipitate it by ethanol produced intractable gums. 

p-Fructose. This was a commercial sample purified by 
recrystallization several times from ethanol-ether. 

Sucrose. British Drug Houses Ltd. Analytical reagent. 


Hydrolysis of fructosans 


About 0-7 g. of each of the purified fructosans, previously 
dried to constant weight in a high vacuum over PO; and 
solid KOH, were hydrolysed with 12 ml. of 0-05N-H,SO, at 
100° for 10 min., the completion of the hydrolysis being 
checked polarimetrically. The solution was then cooled, 
neutralized (pH 7-0) with n-NaOH solution and, after 
filtering, the volume adjusted to 20 ml. 
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Analytical methods 

Determination of glucose. This was done in Warburg mano- 
meters at room temperature according to Keilin & Hartree 
(1948) using a notatin preparation, supplied by Sir Jack 
Drummond, F.R.S., of Boots’ Pure Drug Co., in the presence 
of catalase. The amount of glucose in the hydrolysates was 
calculated from the O, uptake of these solutions in the 
presence of notatin and catalase compared with the O, 
uptake of a standard solution of glucose. Control experi- 
ments were carried out in which no notatin was present, and 
no O, uptake was observed either with the standard glucose 
solutions employed or with the hydrolysates. Further con- 
trol experiments in which both the standard glucose solution 
and a sample of the hydrolysates were present together were 
performed and in every case a quantitative recovery of the 
glucose was obtained. 

Determination of fructose. The amount of fructose in the 
hydrolysates was determined colorimetrically with resorcinol 
in the presence of conc. HCl according to Cole, Hanes, 
Jackson & Loughman (1948). 


RESULTS 


The results of determinations of the glucose coritent 
of certain fructosans are recorded in Table 1. The 
figures given for fructose recovery in column 7 are 
based on the colorimetric determination of fructose 
which measures free fructose liberated on hydrolysis 
of the polysaccharide with dilute acids and also, in 
the case of inulin, fructose existing in the form of 
difructose anhydride (cf. McDonald, 1946) produced 
under these hydrolysis conditions. When pure 
fructose was subjected to the hydrolysis procedure 
employed for the polysaccharides a 100 % recovery 
was obtained by this colorimetric method, but in the 
instances of the polysaccharides examined the 
combined glucose and fructose recoveries obtained 
from the hydrolysates was not always 100% of the 
theoretical value, calculated from the weight of 
polysaccharide taken. Lower values were probably 
due to incomplete drying of the fructosan (cf. in the 
case of inulin, Irvine & Steele, 1920), despite the 
fact that all were dried in a high vacuum, over 
phosphoric oxide to constant weight. The figures for 
glucose recorded in column 6 of Table 1 are therefore 
expressed in the form of the number of molecules of 
glucose contained in 100 molecules of monosac- 
charides as estimated in the hydrolysates, and are 
not presented as a percentage of the measured weight 
of fructosan hydrolysed. Further, the figures for 
glucose, as presented, have been corrected for the 
slight oxygen uptake observed with pure fructose 
when treated similarly to the polysaccharides 
examined. 

In column 9 are given the numbers of mono- 
saccharide units in the fructosan molecules calcu- 
lated on the assumption that each molecule contains 
only one glucose unit; and molecular weights of the 
fructosans estimated from these figures are shown in 
column 10. 
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Purified samples of inulin from different plant 
sources have glucose contents of 2-2—2-6 %, and this 
glucose, at any rate in the case of inulin isolated from 
Inula Helenium, persists even after acetylation and 
deacetylation of the polysaccharide. Dahlia inulin 
was fractionated during recrystallization from water ; 
both fractions, however, contain very similar 
amounts of glucose (cf. Jackson & McDonald, 1930) 
and on this basis, therefore, do not differ appreciably 
in chain length. Levans from grasses have a slightly 
higher glucose content, which increases in the 
fractionated material as the solubility in ethanol 
increases, whereas the one sample examined of a 
levan synthesized by a bacterium from sucrose had 
a much smaller, although still definite, glucose con- 
tent of the same order as that of irisin. This levan and 
irisin both consist, apparently, of molecules large 
compared with those of grass levan, for neither, 
unlike grass levan, will pass through a cellophan 
dialysis sac. Examination of some bacterial levans 
on the ultracentrifuge by Ingelman & Siegbahn 
(1944) revealed very large particles. Examination of 
irisin by Dr A. G. Ogston showed the material to be 
apparently homogeneous in the ultracentrifuge and 
to have a molecular weight of 22,000—24,000. 


DISCUSSION 


The presence of D-glucose in mild acid hydrolysates 
of certain fructosans has been confirmed. The actual 
amount, as determined by notatin, is rather lower 
than that reported by earlier workers, probably due 
to reasons suggested in the introduction. It is inter- 
esting to note that in the French work the levan 
synthesized by Phytobacterium vitrosum has a much 
lower glucose content than other fructosans ex- 
amined by this group of workers, in accordance with 
the fact that bacterial levans, in general, appear to 
consist of molecules of considerable size. 

The question that arises from the undoubted 
presence of glucose in hydrolysates of many fructo- 
sans is whether this glucose is, in fact, an integral 
part of the fructosan molecule, or whether it arises 
from a separate glucose-containing polysaccharide 
which is difficult to separate from the fructosan. To 
support the former view, the amount of glucose 
present in fructosan hydrolysates does seem to be 
related to the molecular weight. In early work in this 
field Tanret (1893) found that the glucose content of 
his fructosan fractions isolated from tubers of 
Helianthus tuberosus increased as the fructosans 
became more soluble in ethanol; presumably as the 
molecular weight decreased. Colin & Chaudin 
(1933a) compared the glucose content as calculated 
by Tanret from the rotation of mild acid hydrolysates 
with the molecular weights of the fructosan fractions 
determined cryoscopically. Whether cryoscopic 
determinations of molecular weights of fructosans 
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give accurate values is not definitely known. In 
view of later work by Thaysen, Bakes & Green (1929) 
and Bacon & Edelman (1951), who have shown that 
the true inulin content of the Jerusalem artichoke 


' varies with the time of year, it seems possible that 


the polysaccharide inulin, as defined in the intro- 
duction of this paper, exists in vivo in equilibrium 
with shorter-chain fructosans representing stages in 
the synthesis and/or breakdown of inulin. Also it 


| may well be that, even after repeated recrystalliza- 


tion from water, the inulin is not perfectly homo- 
geneous, but consists of a mixture of similarly con- 


| stituted fructosans of slightly differing chain 


lengths. In the samples of fructosans examined 
with the help of notatin, the glucose content of 


_ fractionated grass levan increases as the solubility in 


ethanol increases, in a similar manner to the fructo- 
sans isolated by Tanret (1893) from H. tuberosus. In 
unfractionated samples of grass levan, the mole- 
cular weight, as calculated from the glucose content, 
assuming that one molecule contains only one 
glucose unit, is of the same order as that determined 
by Dr A. G. Ogston for Italian rye-grass levan from 
ultracentrifuge data (Bell & Palmer, 1949). This 
levan was found to be definitely non-homogeneous 
with a mean molecular weight of 5400. In another 
experiment the material was dialysed for 3 weeks 
against distilled water, whereupon some of it passed 


. through the dialysis sac. The remaining material 


was homogeneous and had a molecular weight of 
8700. Further, the glucose contents of levan syn- 
thesized by Bacillus subtilis and of irisin are much 
less than that of grass levan in agreement with the 
fact that molecules of these fructosans are large 
compared with inulin or grass levan. 

Further evidence to support the hypothesis that 
glucose present in hydrolysates of certain fructosans 
is contained in the fructosan molecule itself is as 
follows. If the glucose does arise from contaminating 


_ glucosans these polysaccharides must be very 


—— 


different from glucosans already known in that they 
are rapidly hydrolysed by 0-05n-sulphuric acid. 
Adams, Richtmeyer & Hudson (1943) hydrolysed 
purified dahlia inulin with purified yeast invertases. 
Glucose was detected in the hydrolysates; the 
amount as determined by hypoiodite oxidation was 
admittedly less than has been found by similar 
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determinations on acid hydrolysed inulin, but the 
authors point out that ‘the glucose must, if not an 
integral part of the inulin molecule, be an integral 
part of an associated molecule which is hydrolysed 
at about the same rate as inulin’. 

If the glucose does arise from a glucosan, different 
samples of the same fructosan would be expected to 
contain different amounts of glucose depending on 
the degree of purification. From Table 1, however, it 
can be seen that levan from Italian rye-grass, pre- 
cipitated in 80% (v/v) ethanol ten times, contains 
the same amount of glucose as levan from leafy 
cocksfoot, precipitated only twice. Again all 
samples of inulin examined, prepared by different 
workers from different plant sources, contain 
approximately the same amount of glucose. 

Finally, fructosans containing glucose are widely 
distributed in nature, are isolated by different 
chemical methods and have different chemical 
structures. Plant sources occur both in mono- 
cotyledonous and dicotyledonous families, and 
glucose-containing fructosans are found in both 
leaves and storage organs, and glucose exists even in 
bacterial levans, synthesized from sucrose. 


SUMMARY 


1. By the use of notatin the presence of glucose 
has been confirmed, and the amount determined, in 
mild acid hydrolysates of the purified fructosans 
inulin, grass levan, irisin and levan synthesized by 
Bacillus subtilis from sucrose. 

2. The amount of glucose in hydrolysates of 
fructosans appears to vary inversely with the 
molecular size of the polysaccharide. 

3. On the assumption that one fructosan mole- 
cule contains one glucose radical the molecular 
weights of these polysaccharides have been calcu- 
lated. 

4. Evidence that glucose is an integral part of the 
fructosan molecules is discussed. 


In addition to those named in the text who gave materials, 
I am much indebted to Dr T. Mann who instructed me in the 
technique of estimating glucose with notatin, and to Dr 
D. J. Bell for encouragement and advice. I wish also to 
acknowledge a grant from the Agricultural Research Council 
held during the time in which this work was carried out. 
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The Fate of Certain Organic Acids and Amides in the Rabbit 
12. AMINOHYDROXYBENZOIC ACIDS 
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Our interest in the aminohydroxybenzoic acids arose 
from the finding that these acids or their amides 
were excreted after the administration to rabbits of 
the aminobenzamides (Bray, Lake, Neale, Thorpe & 
Wood, 1948) and o-nitrobenzamide (Bray, Thorpe & 
Wood, 1949). 2-Amino-3-hydroxy- and 2-amino- 
5-hydroxy-benzoic acids were isolated from hydro- 
lysed o-aminobenzamide urine, 3-amino-6-hydroxy- 
benzoic acid (5-amino-2-hydroxybenzoic acid) from 
hydrolysed m-aminobenzamide urine, 4-amino-3- 
hydroxybenzoic acid from hydrolysed p-amino- 
benzamide urine and 2-amino-5-hydroxybenzoic 
acid from hydrolysed o-nitrobenzamide urine. It 
was also suspected that 3-amino-4-hydroxybenzoic 
acid (or its amide) was present in m-aminobenzamide 
urine and 2-amino-3-hydroxybenzoic acid (or its 
amide) in o-nitrobenzamide urine, although these 
were not isolated. It was, however, shown later, 
using paper chromatography, that all the theoretical 
products of ortho and para hydroxylation are 
present in aminobenzamide and o-nitrobenzamide 
urines (Bray, Lake, Thorpe & White, 1950). 

Two aminohydroxybenzoic acids have recently 
received attention by other workers. 4-Amino-2- 
hydroxybenzoic acid (‘p-aminosalicylic acid’, ‘PAS’) 
has been used in the treatment of tuberculous lesions 
in human patients (e.g. Lehmann, 1946; Dempsey & 
Logg, 1947), and some investigations of its meta- 
bolism have been reported (e.g. McClosky, Smith & 
Frias, 1948; Way, Weiss, Howie & Smith, 1948). In 


a more detailed study Venkataraman, Venkatara- 
man & Lewis (1948) concluded that 40-60 % of the 
administered acid was excreted by the rabbit in 
24 hr. as the N-acetyl derivative. No decarboxyla- 
tion, glycine conjugation or O-conjugation was 
observed. 

2-Amino-3-hydroxybenzoic acid has been shown 
to be a precursor of nicotinic acid in Neurospora 
(Mitchell & Nyc, 1948; Bonner, 1948) and in the rat 
(Mitchell, Nyc & Owen, 1948 ; Heidelberger, Abraham 
& Lepkovsky, 1948, 1949; Albert, Scheer & Deuel, 
1948). It is suggested that this acid may be an 
intermediate in the conversion of tryptophan into 
nicotinic acid. No investigations of the metabolic 
fate of large doses of 2-amino-3-hydroxybenzoic acid 
appear to have been carried out, though Henderson & 
Hirsch (1949) reported that rats which had received 
intraperitoneal injections of this acid excreted 
quinolinic acid (pyridine-2:3-dicarboxylic acid). 

In the present investigation, which is an extension 
of that previously reported in brief (Bray, Ryman & 
Thorpe, 19486), we have studied the fate of seven 
of the ten aminohydroxybenzoic acitls and have 
determined the main metabolic pathways of six of 
them. 2-Amino-4-hydroxy and 3-amino-5-hydroxy- 
benzoic acids have been prepared, but in yields so 
small as to render accumulation of the acids for 
metabolic investigation impracticable. Attempts to 
prepare 2-amino-6-hydroxybenzoic acid were un- 
successful. 
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MATERIALS 


2-Amino-3-hydroxybenzoic acid was prepared as previously 
described (Bray, Lake, Neale, Thorpe & Wood, 1948). 

2-Amino-4-hydroxybenzoic acid. Small amounts of this 
acid, m.p. 158° (decomp.), were prepared by a method used 
by Prof. F. S. Spring and made available to us by Mr D. E. 
Seymour (Herts Pharmaceuticals Ltd.). Yields were, how- 
ever, very small. The acid is very readily decarboxylated to 
m-aminophenol by heating in aqueous solution particularly 
at acid pH. 

2-Amino-5-hydroxybenzoic acid was prepared as previously 
described (Bray, Lake, Neale, Thorpe & Wood, 1948). 

2-Amino-6-hydroxybenzoic acid. 2-Amino-6-nitrobenzoic 
acid was prepared by Hofmann degradation of 3-nitro- 
phthalamic acid, but attempts to obtain 2-amino-6-hydroxy- 
benzoic acid from 2-amino-6-nitrobenzoic acid by a pro- 
cedure similar to that described below for 3-amino-5-nitro- 
benzoic acid were unsuccessful. (2-Amino-6-nitrobenzoic 
acid is readily decarboxylated in acid solution.) 

3-Amino-2-hydroxybenzoic acid was obtained by reduction 
of 3-nitrosalicylic acid (British Drug Houses Ltd.) with 
SnCl, and HCl (cf. Zahn, 1900). 

3-Amino-4-hydroxybenzoic acid was prepared by hydrolysis 
of its methyl ester, orthocaine (British Drug Houses Ltd.). 

3-Amino-5-hydroxybenzoic acid (with Dr F. C. Neale). A 
solution of 3:5-dinitrobenzoic acid (20 g. in 250 ml. 96 % (v/v) 
ethanol) was saturated with H,S at ordinary temperature. 
After addition of NH, (100 ml., sp.gr. 0-880) H,S was passed 
for a further 30 min. (More prolonged treatment with H,S 
gives 3:5-diaminobenzoic acid.) The solution was evaporated 
to dryness and the residue, crystallized from aqueous 
ethanol, gave orange needles of 3-amino-5-nitrobenzoic acid, 
m.p. 209-210°. (Found: N, 15-3. Cale. for C,H,O,N,: N, 
154%.) Yield 10g. Treatment of this compound with 
acetic anhydride gave 3-acetamido-5-nitrobenzoic acid, which 
on recrystallization from 96 % ethanol formed a dull yellow 
powder, m.p. 283° (decomp.). (Found: N, 12-°9%.C,H,0;N. 
requires N, 125%.) Yield 10g. from 10 g. 3-amino-5- 
nitrobenzoic acid. Reduction with FeSO, and NH, (cf. 
Jacobs & Heidelberger, 1917) gave light-yellow needles of 
3-acetamido-5-aminobenzoic acid monohydrate, m.p. 230°. 
(Found: C, 51-3; H, 5-7; N, 13-0. C,H,,0,N, requires, C, 51-0; 
H, 5-7; N, 13-2%.) Yield 1 g. from 10 g. 3-acetamido-5- 
nitrobenzoic acid. Treatment with NaNO, and HCl followed 
by decomposition of the diazo compound by boiling gave 
3-amino-5-hydroxybenzoic acid as colourless prisms, m.p. 
242°. (Found: C, 54:2; H, 4-6; N, 9-3. C,H,O,N requires 
C, 54-9; H, 4-7; N, 9-2%.) Yield 0-5 g. from 2-5 g. 3-acet- 
amido-5-aminobenzoic acid. The constitution of the com- 
pound was confirmed by conversion into 3:5-dihydroxy- 
benzoic acid by diazotizing and boiling. The dihydroxy acid 
had m.p. 232° alone or mixed with an authentic specimen 
prepared by alkali fusion of the Ca salt of 3:5-disulphobenzoic 
acid (Barth & Senhofer, 1871). (Found: C, 54-7; H, 4-0. 
Cale. for C,H,O,: C, 54-6; H, 3-9%.) The identity of the two 
dihydroxy compounds was also confirmed on paper chroma- 
tograms. Occasionally the product obtained by reduction of 
3-acetamido-5-nitrobenzoic acid consisted of yellow needles, 
m.p. 265° instead of 230°. This compound, which also gave 
3-amino-5-hydroxybenzoic acid on diazotizing and boiling, 
was 3-acetamido-5-aminobenzoic acid sulphate dihydrate. 
(Found: C, 41-6; H, 5-0; N, 10-3. C,,H.,0,.N,S requires C, 
41-4; H, 5-0; N, 10-7%. 
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3-Amino-6-hydroxybenzoic acid was prepared by reduction 
of 5-nitrosalicylic acid (British Drug Houses Ltd.) with 
SnCl, and HCl (cf. Zahn, 1900). 

4-Amino-2-hydroxybenwic acid. We are indebted to 
Mr D. E. Seymour for the gift of this acid and its Na 
salt. 

4-Amino-3-hydroxybenzoic acid was prepared as previously 
described (Bray, Lake, Neale, Thorpe & Wood, 1948). 

Preparation of acetamidohydroxybenzoic acids. These were 
obtained by treatment of the aminohydroxybenzoic acids 
with acetic anhydride at ordinary temperature. 3-Amino-6- 
hydroxybenzoic acid forms the ON-diacetyl derivative so 
readily that preparation of 3-acetamido-6-hydroxybenzoic 
acid is difficult, although this compound is easily obtained 
from 3-amino-6-hydroxybenzoic acid urine. 


METHODS 


Diet and dosage. The rabbits used were does weighing 
2-3 kg. maintained throughout the investigation on the 
constant diet of rabbit pellets and water used in this labora- 
tory (Bray, Ryman & Thorpe, 1947). The acids (0-6-1-0 g./ 
rabbit) were administered by stomach tube as suspensions 
in water, without previous neutralization. No toxic effects 
were observed with any of the compounds. 

Estimation of aminohydroxybenzoic acids. The modified 
Ehrlich reaction described by Venkataraman ef al. (1948) was 
used for the determination of compounds possessing a free 
amino group. The method is less sensitive than a diazotiza- 
tion method, but was used because of its general applicability 
since several of the acids studied did not diazotize and couple 
normally. Satisfactory results were obtained if the standard 
solutions used were of approximately the same strength as 
the unknowns. The method was applicable to all the amino- 
hydroxybenzoic acids except 2-amino-3-hydroxybenzoic 
acid, which gave only a very feeble colour with the reagent. 
No satisfactory method was found for the colorimetric 
estimation of this acid. Determinations were made on urines 
or extracts before and after hydrolysis. For hydrolysis, urine 
or solution was heated with HCl (2 ml. 2/5 ml.) for 1 hr. in 
a boiling-water bath. Hydrolysed solutions were treated 
with NaOH (2 ml. 2N) before development of the colour. 
Control experiments showed that the hydrolysis procedure 
caused decarboxylation of only 4-amino-2-hydroxybenzoic 
acid. (m-Aminophenol was detected by paper chromato- 
graphy.) The intensity of colour given by m-aminophenol 
with the Ehrlich reagent was 94% of that given by an equi- 
molecular amount of 4-amino-2-hydroxybenzoic acid. 

Estimation of ethereal sulphate. Folin’s method (1905-6) 
was used. 

Estimation of ether-soluble acid. Urine (20 ml.) was con- 
tinuously extracted with ether at a pH and for a period of 
time found in control experiments to give complete recovery 
of the aminohydroxybenzoic acid added to normal rabbit 
urine. Paper chromatography of such extracts of metabolic 
urines and of similar extracts made subsequently below pH 1 
showed that this procedure resulted also in the complete 
extraction of the corresponding acetamidohydroxybenzoic 
acids. Extraction at pH 4 was suitable for all the acids 
studied except 4-amino-2-hydroxybenzoic acid, for which 
pH 3-1 was necessary. The ether-soluble material was 
titrated to pH 8 (pH 7-4 for 4-amino-2-hydroxybenzoic acid) 
with NaOH (0-05n). Both free and acetylated acids are 
titrated at this pH. 
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Paper chromatography. The technique was essentially that 
previously described (Bray, Thorpe & White, 1950). 

Reducing material. This was not estimated since the amino- 
hydroxybenzoic acids reduce alkaline cupric salts. 

Calculation of results. Preliminary experiments indicated 
that the aminohydroxybenzoic acids might be excreted in 
four ways: (1) unconjugated, (A); (2) conjugated through the 
amino group only, (B); (3) conjugated through the hydroxyl 
group only, (C); (4) conjugated through both amino and 
hydroxyl groups, (D). 





Jn Jn 
a | NH 4 5 NHCOCH, 
| |Jou |Jou 
| |} COOH | |} COOH 
Me % - 
A B 
Ve * oO 
7 5 ) NH, f ‘ ) NHCOCH, 
| | [coon | NJ COOH 
XY yi XS - 
Se Not 
Cc D 


It was assumed, no evidence to the contrary being obtained, 
that C and D are not extracted from urine by ether. Deter- 
minations by the Ehrlich method should provide the fol- 
lowing information: 
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On urine as collected A+C 

On hydrolysed urine A+B+C+D 

On material extracted by ether A 

On material extracted by ether and then 4 +B 
hydrolysed 

On urine left after ether extraction C 

On the above after hydrolysis C+D 


Determinations, however, on urines left after ether ex- 
traction tended to give low results and were abandoned after 
preliminary experiments. The remaining determinations 
provided sufficient data for calculation of values for A, B, C 
and D. Estimation of ether-soluble acid also gave A+B. 
Paper chromatography of the ether extracts also gave 
approximate values for A and B. 


IQ5I 
RESULTS 


Normal excretion of metabolites 


The average daily excretion of ethereal sulphate by | 


the rabbits used in this investigation ranged from 
25 to 54 mg. SO,. The average percentage by which 
the normal individual daily values differed from the 
corresponding weekly averages used as ‘ baseline’ for 
purposes of calculation was +8% (+4mg. SO,). 
The corresponding values for ether-soluble acid were 
470-815 mg. (calculated as hippuric acid) and +5% 
for extractions at pH 4-0 and 748-833 mg. and 
+2 % for extractions at pH 3-1. The Ehrlich reagent 
gave a slight yellow colour with normal rabbit urine. 
This corresponded to an average daily excretion of 
54mg. calculated as aminohydroxybenzoic acid. 
The material responsible for this colour was not 
extracted by ether, or affected by hydrolysis to an 
appreciable extent. 


Metabolites of aminohydroxybenzoic acids 


The results of quantitative analysis of urines of 
rabbits after administration of aminohydroxy- 
benzoic acids are given in Table 1. The results by the 
Ehrlich method have been calculated on the 
assumption that the O-conjugates give the same 
intensity of colour with the reagent as the free acid. 
Since neither glucuronides nor ethereal sulphates of 
the acids have been prepared the validity of this 
assumption could not be proved. Since, however, the 
(4 +B) results, which are in reasonable agreement 
with those obtained by determination of ether- 
soluble acid, account for at least two-thirds of the 
acid administered, errors due to differing colour 
intensities from O-conjugates (C+D) cannot affect 
more than one-third of the total amount of acid 
recovered. Unless, therefore, the difference in colour 
intensities is very pronounced, errors due to this will 
cause relatively little distortion of the general 


Table 1. Excretion of aminohydroxybenzoic acids in the rabbit 


The results are expressed as average percentage of dose; ranges in parentheses. Superior figures against ranges indicate 
Pp ge p gs ; 


the number of experiments. Dose 1 g. throughout, except 0-6 


Percentage of dose estimated by Ehrlich reagent in 


g. for 2-amino-3-hydroxybenzoic acid.) 


Excretion as 
a 





eo a SSS 
Urine Ether Hydrolysed Ether- 
Urine as after extract ether soluble 
collected hydrolysis of urine extract acid Ethereal 
Compound (A +C) (A+B+C+D) (A) (A+B) (A+B) sulphate 
2-Amino-3-hydroxybenzoic acid* _ — a = —t - 3(24) 
2-Amino-5-hydroxybenzoic acid 75 (64-95) 101 (90-112) 71 (65-77) 85 (80-91)! 95(77-114)8 2 (0-4) 
3-Amino-2-hydroxybenzoic acid 42 (40-44)? 95 (94-95)? 35 (34-35)? 76 (74-78)? 80 (70-96) 05 
3-Amino-4-hydroxybenzoic acid 58 (40-75)'85 75 (64-82)® 44 (37-50)® 64 (58-68)  60(40-75)!9 7 (4-16)° 
3-Amino-6-hydroxybenzoic acid 46 (18—76)® 93 (77-113) ® 28 (10-51)®  62(34-81)* 67(33-97)®  2(0-4)* 
4-Amino-2-hydroxybenzoic acid{ 32 (12-45)" 72 (62-77)5 31 (15-49)> 62 (60-68)® 66 (53-76) 0° 
4-Amino-3-hydroxybenzoic acid 34 (23-45)§ 107 (104-112)? 22 (20-25)  84(77-89)*  54(43-55)5 8 (5-9) 


* Ehrlich values could not be determined for this acid. See section on estimation of aminohydroxy acids, p. 395. 
+ Values were too small to be distinguished with certainty from baseline values. 
t This acid undergoes partial decarboxylation both in vivo and during hydrolysis of the urine. 


Vo 
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Table 2. Metabolites excreted by rabbits after administration of aminohydroxybenzoic acids 
(The results are mainly calculated from data of Table 1.) 
Average percentage of dose excreted as 
c —* _ ~\ Total 
O-Con- O-Con- percentage 
N-Acetamido- jugated jugated of dose 
Unchanged _ hydroxy amino- acetamido- Ethereal accounted 
acid acid acid acid sulphate for 
Compound A B C D 
2-Amino-3-hydroxybenzoic acid* 107 OT 3T OF 3 13 
2-Amino-5-hydroxybenzoic acidt 71 14 4 12 2 101 
3-Amino-2-hydroxybenzoic acid* 35 41 7 12 0 95 
3-Amino-4-hydroxybenzoic acid*{ 44 20 14 0 7 78 
3-Amino-6-hydroxybenzoic acid 28 34 18 13 2 93 
4-Amino-2-hydroxybenzoic acid{t 31 31 1 9 0 72 
4-Amino-3-hydroxybenzoic acid* 22 62 12 11 8 107 


* Positive diazo reactions were given by these urines. This confirms O-conjugation in column C since the acids adminis- 
tered do not couple after diazotization owing to formation of diazo oxides. 

+ See text for basis upon which these values were calculated. 

{ Determination of glucuronide showed that the O-conjugates in the urines could be accounted for as glucuronide and 


ethereal sulphate. 


picture. For three acids (see Table 2) the results of 
estimations of glucuronide in the urines by a modi- 
fication of the naphthoresorcinol method of Hanson, 
Mills & Williams (1944) approximated to the value 
for (C+ D-ethereal sulphate), so that at least for 
these acids errors due to different colour intensities 
appear to have little significance. Where more 
experiments are recorded in the (A +(C) column of 
Table 1 than for the other columns giving results of 
Ehrlich determinations, the average values obtained 
from all experiments were not significantly different 
from the average (A +C) for those experiments in 
which all the Ehrlich values were determined. 

The values recorded in Table 2 have been calcu- 
lated mainly from the average results given in 
Table 1. The greater part of the dose has been 
accounted for for all acids except 2-amino-3-hydroxy- 
benzoic acid, for which the Ehrlich method could not 
be used. The A and B values recorded for this acid 
are only approximate values found by means of 
paper chromatograms (Table 4). 2-Amino-3-hy- 
droxybenzoic acid urine gave a feeble diazo reaction, 
which was presumably due to an O-conjugate, in 
which the amino group was free, since the acid itself 
gave no diazo reaction. The intensity of the colour 
was such as might have been expected ifan amount of 
conjugate corresponding to that found as ethereal 
sulphate had been present. Examination of the 
urine for glucuronide revealed no increase above the 
normal excretion. For these reasons the C value 
recorded in Table 2 is 3%, the value found for 
ethereal sulphate, and the D value is given as 0. 
The absence of all conjugates except small amounts 
of ethereal sulphate from the urine is supported 
by the fact that, when urine which had been ex- 
haustively extracted with ether was hydrolysed and 
then again extracted with ether, the second extract 


showed only a barely perceptible fluorescence. Free 
2-amino-3-hydroxybenzoic acid gives a pronounced 
mauve fluorescence in ethereal solution. 


Paper chromatography of ether extracts of 
aminohydroxybenzoic acid urines 


Ether extracts of the metabolic urines at pH 4-0 
were examined by paper chromatography as 
previously described (Bray, Thorpe & White, 1950). 
The solvent mixtures used and the R, values of the 
compounds are given in Table 3. The detecting 
reagent used was diazotized p-nitraniline. By com- 
parison of the size and intensity of the spots pro- 
duced by running the ether extracts alongside 
standard solutions rough estimates (within + 20%) 
of the amounts of free and acetylated aminohydroxy- 
benzoic acids present (A and B) were made. The 
results, which are given in Table 4, provide, within 
the limits of experimental error, reasonable con- 
firmation of the corresponding values in Table 2. 


Qualitative examination of aminohydroxy- 
benzoic acid urines 

The ether-soluble material obtained by con- 
tinuous extraction of aminohydroxybenzoic acid 
urines at pH 4 (pH 3-1 for 4-amino-2-hydroxy- 
benzoic acid) was purified by recrystallization from 
water. 3-Amino-2-hydroxy-, 3-amino-4-hydroxy-, 
3-amino-6-hydroxy- and 4-amino-3-hydroxy-ben- 
zoic acid urines yielded both the free acids and the 
acetamido compounds which were identified by 
comparison with authentic specimens. 2-Amino-3- 
hydroxy- and 2-amino-5-hydroxy-benzoic acid 
urines yielded only the free acids. Only the N-acetyl 
derivative was isolated from 4-amino-2-hydroxy- 
benzoic acid urine, although the presence of the 
unacetylated acid was shown by paper chromato- 
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Table 3. R, Values of some aminohydroxybenzoic acids and their N-acetyl derivatives 


(Solvent mixtures: A, chloroform (2 vol.), acetic acid (2 vol.), water (1 vol.); B, benzene (2 vol.), acetic acid (2 vol.), 
water (1 vol.); C, n-butanol (4 vol.), pyridine (8 vol.), saturated aqueous NaCl (5 vol.), ammonia (sp.gr. 0-880, 3 vol.); 
D, isopropanol (4 vol.), pyridine (8 vol.), saturated aqueous NaCl (5 vol.), ammonia (sp.gr. 0-880, 3 vol.). Paper, Whatman 


no. 4.) 


Compound 
2-Amino-3-hydroxybenzoic acid 
2-Acetamido-3-hydroxybenzoic acid 
2-Amino-5-hydroxybenzoic acid 
2-Acetamido-5-hydroxybenzoic acid 
3-Amino-2-hydroxybenzoic acid 


3-Acetamido-2-hydroxybenzoic acid 


3-Amino-4-hydroxybenzoic acid 
3-Acetamido-4-hydroxybenzoic acid 
3-Amino-5-hydroxybenzoic acid 
3-Amino-6-hydroxybenzoic acid 


3-Acetamido-6-hydroxybenzoic acid 
4-Amino-2-hydroxybenzoic acid 
4-Acetamido-2-hydroxybenzoic acid 


4-Amino-3-hydroxybenzoic acid 
4-Acetamido-3-hydroxybenzoic acid 


Time of run 


Solvent mixture (hr.) Ry value 
B + 0-3 
B 4 0-9 
A 6 0-18 
A 6 0-75 
A 6 0-48 
B 8 0-20 
A 6 1-0 
B 8 0-67 
A 6 0-24 
A 6 0-80 
A 6 0-20 
C 3 0-57 
D 5 0-8 
Cc 3 0-54 
D 5 0-8 
A 6 0-91 
B 6 0-87 
A 6 0-91 
B 6 0-33 
A 6 0-60 
A 6 0-87 


Table 4. Excretion of amino- and acetamido-hydroxybenzoic acids as estimated 
by paper chromatography of ether extracts of urine 


(No solvent mixture was found which separated 3-amino- and 3-acetamido-6-hydroxybenzoic acids.) 


No. of 

experi- 

Compound administered ments 
2-Amino-3-hydroxybenzoic acid 6 
2-Amino-5-hydroxybenzoic acid 4 
3-Amino-2-hydroxybenzoic acid 3 
3-Amino-4-hydroxybenzoic acid : 
4-Amino-2-hydroxybenzoic acid 5 
4-Amino-3-hydroxybenzoic acid 3 


graphy. Of the seven aminohydroxybenzoic acids 
studied only 4-amino-2-hydroxybenzoic was shown 
to be decarboxylated by the hydrolysis procedure 
used in the quantitative studies (p. 395). It also 
appears to be decarboxylated to a small extent in 
vivo, since m-aminophenol was detected by paper 
chromatography in the extracts obtained when 
4-amino-2-hydroxybenzoic acid urine was extracted 
with ether at pH 6. The results in Table 2 indicate 
the formation of appreciable amounts of O-con- 
jugates from all except 2-amino-3-hydroxybenzoic 
acid, but attempts to isolate glucuronides from the 
urines after administration of 3-amino-4-hydroxy-, 
3-amino-6-hydroxy- and 4-amino-3-hydroxy-ben- 


Approximate percentage of dose 
A~ 





Acetylated ( B) 


e 
Unacetylated (A) 
Senn 
Range Average Range Average 
8-12 10 0 0 
41-62 51 21-41 31 
40-65 55 35-60 46 
All 50 50 40-50 43 
8-25 17 42-75 60 
21-24 22 62-76 69 


zoic acids by the usual lead procedure (Bray et al. 
1947) were unsuccessful. The corresponding acet- 
amido compounds were the only compounds iso- 
lated. 


DISCUSSION 


Theoretically there are three conjugable groups in 
aminohydroxybenzoic acids. It appears, however, 
from the results given in Tables 1 and 2 that only 
the amino and the hydroxyl groups are conjugated 
in the rabbit. N-Acetylation occurs with all the 
isomers studied except 2-amino-3-hydroxybenzoic 
acid. Allexcept 2-amino-3-hydroxy- and 3-amino-4- 
hydroxy-benzoic acids appear to be excreted with 
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both hydroxyl and amino groups in the same mole- 
cule conjugated. The introduction of an amino group 
into salicylic acid does not facilitate sulphate con- 
jugation (see Bray, Ryman & Thorpe, 1948a). None 
of the aminohydroxybenzoic acids studied is con- 
jugated with sulphate to a great extent. 

2-Amino-3-hydroxybenzoic acid was the only one 
of the seven acids examined which could not be 
satisfactorily accounted for by the methods used in 
this investigation. It may be pertinent that this 
acid, as already mentioned, has been suggested as an 
intermediate in the biological conversion of trypto- 
phan into nicotinic acid. The view that quinolinic 
acid may be an intermediate in the conversion of 2- 
amino-3-hydroxybenzoic acid into nicotinic acid is 
supported by the observations of Henderson & 
Hirsch (1949) that, in addition to small amounts of 
nicotinic acid, the urine of rats which had been given 
2-amino-3-hydroxybenzoic acid (153 mg.) intra- 
peritoneally contained amounts of quinolinic acid 
corresponding to 16% of the dose. In rabbit urine 
we could only account for about 13% of a dose of 
2-amino-3-hydroxy benzoic acid (600 mg. by stomach 
tube) as the unchanged acid together with a small 
amount of ethereal sulphate. If the rabbit had 
excreted amounts of quinolinic acid comparable to 
those found by Henderson & Hirsch for the rat this 
should have been detected in the ether-soluble acid 
material. 

French & Freedlander (1949) have suggested that 
the tuberculostatic action of 4-amino-2-hydroxy- 
benzoic acid may be due to the metabolic formation 
of an aminodihydroxybenzoic acid. We obtained no 
evidence for the presence of such a metabolite in 
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urine. From our previous experience (see Thorpe, 
1950) we should not expect hydroxylation to occur 
to any appreciable extent in a compound which is 
itself readily excreted and in which two of the three 
conjugable groups are readily conjugated. 


SUMMARY 


1. The fate of seven aminohydroxybenzoic acids 
in the rabbit has been investigated. 

2. All the acids are excreted unconjugated to 
degrees varying from 10 to 71 % of the dose, and all 
except 2-amino-3-hydroxybenzoic acid as N-acetyl 
derivatives (14-62 % of the dose). 

3. All the acids are excreted partly as O-con- 
jugates either unacetylated or acetylated. 

4. Allexcept 3-amino-2-hydroxy- and 4-amino-2- 
hydroxy-benzoic acids are excreted conjugated to a 
small extent with sulphuric acid (2—8 % of the dose). 

5. No conjugation of the carboxyl group was 
detected. 

6. A small amount of decarboxylation of 4- 
amino-2-hydroxybenzoic acid was detected. 

7. Only 13% of a dose of 2-amino-3-hydroxy- 
benzoic acid could be accounted for. 

8. 3-Amino-5-hydroxybenzoic acid 
synthesized. 

9. R, values for amino- and acetamido-hydroxy- 
benzoic acids are recorded. 


has been 


Theauthors are indebtedtothe Royal Society for a Govern- 
ment Grant which defrayed part of the cost of this work, and 
to Dr Brenda E. Ryman for help in some preliminary experi- 
ments. The micro-analyses were carried out by Drs Weiler 
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The Metabolism of Sulphamezathine, 4:6-Dimethylpyrimidine and 
2-Amino-4:6-dimethylpyrimidine in the Rabbit with Observations 
on the Hydroxylation of some other Sulphonamides 


By H. G. BRAY, H. J. LAKE anp W. V. THORPE 
Department of Physiology, Medical School, University of Birmingham 


(Received 30 August 1950) 


Previous investigations (e.g. Gilligan, 1945; Krebs, 
Sykes & Bartley, 1947) have suggested that the 
metabolism of sulphamezathine (4:6-dimethyl-2- 
sulphanilamidopyrimidine, I) was in general similar 
to that of other sulphonamides, acetylation being 


CH, 


N 
ux{ ) SO,. NH¢ » 
N 
(I) 


CH, 


the predominant reaction. Gilligan’s observations, 
however, suggested that in man sulphamezathine 
gave rise to a considerably increased excretion of 
glucuronide. Smith & Williams (1948) reported that 
10-16 % of sulphamezathine was excreted by the 
rabbit as glucuronide and none as ethereal sulphate. 
From analogy with the metabolism ofsulphapyridine 
in the rabbit, which we were studying at the time 
(Bray, Neale & Thorpe, 1946), we expected that the 
increased glucuronide excretion would be due to the 
occurrence of hydroxylation of the sulphamezathine 
and subsequent conjugation with glucuronic acid, 
since the analytical evidence suggested that the 
glucuronide was of the ether type which did not 
reduce alkaline cupric solutions. The relatively large 
amounts of sulphamezathine excreted as glucuronide 
encouraged us to attempt the isolation and character- 
ization of the hydroxylation product, a task which 
proved unexpectedly difficult. In the work now 
reported the effect of sulphamezathine upon the 
excretion of diazotizable material, ether-soluble 
acid, glucuronide and ethereal sulphate in the rabbit 
has been examined. Attempts to isolate the glucu- 
ronide have been unsuccessful, but evidence as to 
the position of hydroxylation in sulphamezathine 
has been obtained. 4:6-Dimethylpyrimidine and its 
2-amino derivative have also been examined for 
their effect upon the excretion of ether-soluble acid, 
glucuronide and ethereal sulphate and some meta- 
bolites have been isolated. Because evidence that 
sulphamezathine was hydroxylated to a small 
extent in the benzene ring was obtained, some other 
sulphonamides have been examined for evidence of 
this type of hydroxylation. 


MATERIALS 


Compounds previously known. These were prepared by the 
following methods: 2-hydroxysulphanilic acid and its amide, 
3-hydroxysulphanilamide (Thorpe & Williams, 1941). 4:6- 
Dimethylpyrimidine, m.p. 25°, 4-methylpyrimidine-6-carb- 
oxylic acid, m.p. 166°, pyrimidine-4:6-dicarboxylic acid, 
m.p. 226° (Angerstein, 1901). 2-Amino-4:6-dimethylpyri- 
midine, m.p. 153-154° (Combes & Combes, 1892). 2- 
Hydroxy-4:6-dimethylpyrimidine, m.p. 197° (Angerstein, 
1901; Evans, 1893). 

3-Hydroxysulphanilic acid (4-amino-3-hydroxybenzenesul- 
phonic acid). Sodium benzoxazolone-6-sulphonate (8 g.) was 
boiled with NaOH (80 ml., 30% w/v) for 20 min. (cf. Thorpe 
& Williams, 1941). The solution was adjusted to pH 3-4, 
evaporated to dryness and the residue extracted with 
ethanol for 24 hr. After removal of solvent the material in 
the extract was crystallized (charcoal) from water. Yield, 
1-2 g. colourless needles. (Found: C, 38-6; H, 3-6; N, 76%: 
equivalent (by titration) 191. Cale. for C,H,0,NS: C, 38-1; 
H, 3-7; N, 7-4%; equivalent 189.) 

Complex of urea and 2-amino-4:6-dimethylpyrimidine. 
Urea (0-6 g.) and 2-amino-4:6-dimethylpyrimidine (1-2 g.) 
were dissolved in water and evaporated to dryness. The 
residue was recrystallized (charcoal) from aqueous ethanol. 
The complex formed colourless prisms, m.p. 186°. (All 
melting points are uncorrected.) Yield, 1-1 g. (Found: N, 
38-0; C,H,,0N; requires N, 38-2%.) 

2-Amino-5-hydroxy-4:6-dimethylpyrimidine. 2-Amino-4:6- 
dimethylpyrimidine (17-4 g.) was dissolved in acetic acid 
(50 ml.) and treated with bromine (7-7 ml.) (cf. Curd, 
Richardson & Rose, 1946). After standing 0-5 hr. the 
mixture crystallized. The solid was collected, washed with 
ether and dissolved in water (150 ml.). On addition of excess 
NaHCO,, 2-amino-5-bromo-4:6-dimethylpyrimidine was 
precipitated as small colourless prisms almost insoluble in 
water, soluble in acetone and ethanol, m.p. 184°. (Huber & 
Hélscher (1938) give m.p. 183-184°.) (Found: N, 20-8; 
Br, 39-7. Cale. for C,H,N,Br: N, 20-8; Br, 40:-2%.) Oxida- 
tion to a dicarboxylic acid containing bromine confirmed that 
the bromine atom is in position 5 (see below). Acetylation 
with acetic anhydride and fused sodium acetate gave 2- 
acetamido-5-bromo-4:6-dimethylpyrimidine, as small colour- 
less prisms, m.p. 192°. (Found: N, 17-2. C,H,ON,Br re- 
quires N, 17-2%.) Attempts to replace the bromine atom in 
2-amino-5-bromo-4:6-dimethylpyrimidine by a hydroxyl 
group using NaOH under varying conditions were unsuccess- 
ful, but the change was finally effected by means of Ba(OH), 
with Cu bronze as catalyst. 2-Amino-5-bromo-4:6-dimethyl- 
pyrimidine (5 g.), Ba(OH),.8H,O (15 g.), Cu bronze (0-1 g.) 
and water (50 ml.) were heated in a sealed tube at 180-200° 
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for 10 hr. The reaction mixture, after addition of water 
(60 ml.), was boiled to remove NH, and filtered. After 
removal of Ba from the filtrate as BaSO,, the neutral Ba-free 
solution was evaporated to dryness in vacuo and extracted 
with boiling ethanol. The ethanol extract was evaporated to 
dryness and the residue extracted with hot acetone to give 
asolution from which crude 2-amino-5-hydroxy-4:6-dimethyl- 
pyrimidine separated on cooling. This was recrystallized 
from acetone, giving pale-grey needles, m.p. 222°, soluble 
in water and ethanol. Yield, 0-4 g. (Found: C, 51-8; H, 6-7; 
N, 30-3. C,H,ON; requires C, 51-8; H, 6-5; N, 302%.) 
2-Amino-5-hydroxy-4:6-dimethylpyrimidine hydochloride, 
prepared by addition of a slight excess of HCl to the base, 
formed colourless needles, m.p. 187°, very soluble in water 
and ethanol, sparingly in acetone and ether. (Found: N, 23-5. 
C,H,,ON,Cl requires N, 23-9%.) 

2:5-Dihydroxy-4:6-dimethylpyrimidine hydrochloride. 2- 
Amino-5-hydroxy-4:6-dimethylpyrimidine (1 g.) was boiled 
under reflux with HCl (25 ml., 10) for 5 hr. The solution was 
evaporated to dryness and the residue dissolvedin aminimum 
volume of hot ethanol. After standing overnight at 5° light 
brown prisms of 2:5-dihydroxy-4:6-dimethylpyrimidine hydro- 
chloride separated, m.p. 260° (decomp.) after recrystallization 
from ethanol. Yield, 0-2 g. (Found: C, 40-7; H, 5-3; N, 16-2; 
Cl, 19-8. C,H,O,N,Cl requires C, 40-8; H, 5-1; N, 15-9; Cl, 
20-1%.) Attempts to prepare the free base were unsuccessful. 

2-Amino-5-bromopyrimidine-4:6-dicarboxylic acid. This 
acid was prepared in order to confirm the constitution of 
2-amino-5-bromo-4:6-dimethylpyrimidine described above, 
since Huber & Hélscher (1938) gave no satisfactory proof 
that bromination had occurred in position 5. Price, Leonard 
& Whittle (1945), using more vigorous conditions of bromina- 
tion, showed that a bromomethyl compound could be formed 
as well as Huber & Hélscher’s compound, but accepted 
Huber & Hélscher’s constitution for the latter. 2-Amino-5- 
bromo-4:6-dimethylpyrimidine would be expected to yield 
2-amino-5-bromopyrimidine-4:6-dicarboxylic acid on oxida- 
tion. If the bromine atom had been introduced into position 
4 or 6, giving a bromomethyl group, oxidation should have 
given a Br-free dicarboxylic acid. 2-Amino-5-bromo-4:6- 
dimethylpyrimidine (1 g.) was boiled with KMn0O, (3 g.) in 
30 ml. n-NaOH. After filtration and cooling, the solution 
was extracted with ether for 3 hr. to remove unchanged 
2-amino-5-bromo-4:6-dimethylpyrimidine. The aqueous so- 
lution was adjusted to pH 3 and left to stand 24 hr. at 5°. 
The precipitate formed was purified by dissolving in NaOH, 
treating with charcoal and reprecipitating by addition of 
HCl. Yield, 0-6 g. small yellow prisms sparingly soluble in 
water, ether and acetone, m.p. 204° (decomp.). (Found: 
C, 27-5; H, 1-7; N, 16-0; Br, 29-9 % : equivalent (by titration), 
128. 2-Amino-5-bromopyrimidine-4:6-dicarboxylic acid, 
(,H,O,N,Br, requires C, 27-5; H, 1-5; N, 16-0; Br, 305%: 
equivalent, 131.) 


METHODS 


Diet and dosage. The rabbits used were does of 2-3 kg. and 
were maintained on a diet of rabbit pellets and water (Bray, 
Ryman & Thorpe, 1947). The compounds were administered 
by stomach tube as suspensions in water. No toxic effects 
were observed with sulphamezathine at dose levels up to 
1g./kg. 4:6-Dimethylpyrimidine had no toxic effects with a 
dose of 1 g./kg., but 2-amino-4:6-dimethylpyrimidine (dose, 
1 g./kg.) caused deep narcosis of some hours’ duration from 
which the animals invariably recovered. 
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The human sulphamezathine urines used were pooled 
samples collected from hospital patients receiving the drug. 

Estimation of metabolites. Ethereal sulphate, ester and 
ether glucuronide (for definition see Pryde & Williams, 
1933), free and total diazotizable material were estimated as 
previously (Bray et al. 1946; Bray, Lake, Neale, Thorpe & 
Wood, 1948). Ether-soluble acid from sulphamezathine 
urine was estimated by continuous extraction with ether at 
pH 2 and titration of the extract (after removal of solvent) 
with NaOH (0-02N) to pH 5 using bromocresol green as 
indicator. For 2-amino-4:6-dimethylpyrimidine urine ex- 
traction was carried out at pH 3-4, and titration to pH 4-5 
using bromophenol blue or, alternatively, extraction at pH 6 
and titration in presence of formaldehyde (Bray, James, 
Ryman & Thorpe, 1948). 4:6-Dimethylpyrimidine urine was 
extracted at pH 2 and the extract titrated to pH 4-5 using 
bromophenol blue. 

Detection of possible metabolites by paper chromatography. 
The method was that used previously in this laboratory 
(Bray, Thorpe & White, 1950). Compounds related to sul- 
phanilic acid were detected either by coupling with diazo- 
tized p-nitraniline as described by Bray et al. (1950) except 
that NaOH (2N) was used as the final spray in place of 
Na,CO,, or by diazotizing on the paper by spraying with 
HCI (2) followed by NaNO, (0-2 % w/v) and coupling with 
N-ethyl-«-naphthylamine (0-02% w/v in ethanol). 3- 
Hydroxysulphanilic acid or its amide could also be detected 
by ammoniacal AgNO,. The #; values in six solvent mixtures 
and the colours observed with detecting reagents are re- 
corded in Table 1. The duration of run was 16 hr. in all 
solvents except C (50 hr.). Hydroxydimethylpyrimidines 
were detected by their reducing action upon ammoniacal 
AgNO, either on standing at room temperature or after 
heating at 110° for 5-10 min. R, values in five solvent 
mixtures of compounds reducing AgNO, are given in 
Table 2. The duration of run was 16 hr. in each solvent. 
Compounds identified by paper chromatography were always 
run alongside authentic specimens and compared in at least 
three different solvent mixtures. Extracts of normal urine 
prepared like those of the metabolic urine were examined as 
controls. 


RESULTS 


Excretion of normal metabolites. The average daily 
excretion of reducing material by the rabbits used 
in these experiments ranged from 97 to 238 mg. 
(calculated as glucuronic acid). The average per- 
centage by which the daily individual normal values 
differed from the corresponding weekly averages 
used as ‘baseline’ for purposes of calculation was 
+11%. The corresponding values for the normal 
excretion of ethereal sulphate were 14-51 mg. SO, 
and +17 % (+6 mg. SO,) and for normal excretion 
of ether-soluble acid 436-757 mg. (calculated as 
hippuric acid) and +8%. 

Paper chromatograms of normal rabbit urine. 
Examination by paper chromatography of extracts 
of normal rabbit urine prepared in the same way as 
metabolic urines revealed no substances which 
could be confused with the metabolites under in- 
vestigation. When, however, the urine had been 
hydrolysed a silver spot was obtained on the 
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Table 1. R, values and colour reactions of some derivatives of sulphanilic acid 


(Solvent mixtures: A, n-butanol (4 vol.), pyridine (8 vol.), saturated aqueous NaCl (5 vol.), ammonia (sp.gr. 0-880, 3 vol.); | 
B, collidine saturated with water; C, n-butanol (20 vol.), ammonia (sp.gr. 0-880, 3 vol.) (monophase); D, isopropanol 
(4 vol.), ammonia (sp.gr. 0-880, 2 vol.), saturated aqueous NaCl (3 vol.); Z, ethanol (96%, 20 vol.), ammonia (sp.gr. 0-880, 


1 vol.) (monophase); F, n-butanol (5 vol.), acetic acid (1 vol.), water (4 vol.). Paper Whatman no. 4.) 


Colour after 
diazotization Reduction 
Colour with and coupling with Ry, value in solvent mixture 
diazotized with N-ethyl-x- ammoniacal =£.-—————*—_—_——____, 
Compound p-nitraniline naphthylamine AgNO, A B Cc D E F 
Sulphanilic acid Pale red Red-purple - 0-63 0-51 0-10 0-44 050 0-21 
Sulphanilamide Very pale red Red-purple - 0-96 0:95 0-77 0-88 0-90 0-71 
2-Hydroxysulphanilic acid Blue-purple Red-purple - 0-73 0-74 0:08 0-18 — 0:27 
2-Hydroxysulphanilamide Blue Red-purple - 0-81 0-93 0-06 0-28 0-21 0-61 
3-Hydroxysulphanilic acid Grey-purple Orange + 0-62 0:57 0-04 0-13 0-31 0-26 
3-Hydroxysulphanilamide Grey-purple Orange + 0-86 1:00 0:22 0-41 0-40 0-63 
Sulphamezathine Pale red Red-purple - 0-80 0:95 0-55 0-60 0-69 0-90 


Table 2. R, values of some compounds reducing ammoniacal silver nitrate 


(Solvent mixtures: A and C as in Table 1; G, ethyl acetate (10 vol.), acetic acid (3 vol.), water (7 vol.); H, ethanol (96%, 
1 vol.), acetone (3 vol.) (monophase); J, n-butanol (1 vol.), pyridine (1 vol.), saturated aqueous NaCl (2 vol.), as used by 


Evans, Parr & Evans (1949). Paper Whatman no. 4.) 


Colour with ammoniacal AgNO, after 


Standing 
Compound 5 min. 
2-Hydroxy-4:6-dimethylpyrimidine None 
2:5-Dihydroxy-4:6-dimethylpyrimidine None 
hydrochloride 
2-Amino-5-hydroxy-4:6-dimethyl- Dark grey 
pyrimidine hydrochloride 
3-Hydroxysulphanilic acid Dark grey 
3-Hydroxysulphanilamide Dark grey 


R, value in solvent mixture 


oe eo 
Heating A C G H J 


Standing 
30 min. at 110°* 
Pale grey Red-brown 0-69 0-45 0-60 0-72 1-00 
Pale grey Bright silver 0-36 0-10 0-10 0-23 0-15 
Dark rey) ( 0:74 0:35 0-91 0-83 0-90 
| Merge into back- | 
Dark grey | ground colour oa 0:04 0:04 0-35 0-22 
Dark grey 0-86 0-22 1:00 0-95 1-00 


* Background colour of paper becomes deep yellow-brown. 


chromatogram after heating with ammoniacal 
AgNO,. The R,’s in the five solvent mixtures given 
in Table 2 were identical with those of 2:5-dihydroxy- 
4:6-dimethylpyrimidine in the same solvent mix- 
tures. A number of compounds known to occur in 
urine were subjected to the hydrolysis procedure 
and tested on paper chromatograms. Only allantoin 
(after hydrolysis) gave spots comparable to those 
given by 2:5-dihydroxy-4:6-dimethylpyrimidine. 
Uric acid did not react in this way. The substance 
formed from allantoin giving the spots on the 
chromatogram has not been identified. It appeared 
to be present in very small amount compared to the 
amount of the allantoin hydrolysed. 


Sulphamezathine 
Quantitative studies 


The results obtained after administration of 
sulphamezathine are summarized in Table 3. It was 
possible to account for an average of 88 % of the dose. 
79 % of the dose was acetylated and 12 % excreted as 
ether glucuronide. No increase in the excretion of 
ester glucuronide, ether-soluble acid or ethereal sul- 
phate was observed. These results are in reasonable 
agreement with those of Smith & Williams (1948). 


Table 3. Excretion products of sulphamezathine 
in the rabbit 


(The doses ranged from 0:3 to 2-5 g./rabbit. In the four 


experiments where ether-soluble acid was measured the 


doses were 2:5 g./rabbit.) 


Percentage of dose 
excreted 
No. of MAW 
exp. Range Average 
Diazotizable material 
Free 3-19 9 
Acetylated 32 66-93 79 
Total 82-97 88 
Ethereal sulphate 7 0-1 0 
Ester glucuronide 10 0 0 
Ether glucuronide 10 7-17 12 


Ether-soluble acid 4 0 0 


Qualitative experiments 


Hydrolysis of sulphamezathine. Unlike sulpha- 
pyridine, which is hydrolysed to sulphanilic acid and 
2-aminopyridine, sulphamezathine (10 g.) on boiling 
with HCl (5n) for 5 hr..gave sulphanilamide (1:3 g., 
m.p. 167°) sulphanilic acid (3-3 g.) and 2-hydroxy- 
4:6-dimethylpyrimidine (4-4 g., m.p. 197°). Under 
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these conditions sulphanilamide does not yield 
sulphanilic acid so that fission of sulphamezathine 
occurs at both the N—C and S—N linkages. 
2-Hydroxy-4:6-dimethylpyrimidine is formed on 
boiling 2-amino-4:6-dimethylpyrimidine with HCl 
(5N) for 2 hr. Sulphamezathine is stable on boiling 
with NaOH (2-5n) for 5 hr. 

Isolation of N*-acetylsulphamezathine. This com- 
pound was isolated from both human and rabbit 
sulphamezathine urine by continuous extraction 
with ether at pH 7. After recrystallization from 
ethanol (charcoal) the compound had m.p. 248° alone 
or mixed with an authentic specimen. 

Attempted isolation of glucuronide. In spite of 
many attempts no crystalline glucuronide has been 
isolated from the urine of either rabbits or human 
patients dosed with sulphamezathine. Rabbit urine 
at pH 6 was continuously extracted with ether for 
24 hr. and, after adjustment to pH 4, for a further 
24hr. This removed considerable quantities of 
acetylsulphamezathine and small amounts of sul- 
phamezathine, but no other metabolite could be 
detected in the ether extracts. The residual urine 
was treated in the usual way for isolation of glucu- 
ronides via the lead salt (e.g. Bray et al. 1947). By 
ether extraction at pH 4 for 72 hr. a further quantity 
of free and acetylated sulphamezathine was re- 
moved from the lead-free glucuronide solution. The 
ether-extracted solution was evaporated in vacuo at 
60° and extracted with hot ethanol, but no crystalline 
glucuronide could be isolated from the syrup left 
after removal of ethanol. No sulphamezathine or 
acetylsulphamezathine could be detected in the 
syrup by paper chromatography. 

Hydrolysis of glucuronide syrup. Alkaline hydro- 
lysis (ef. Bray et al. 1946) failed to yield a crystalline 
hydroxysulphamezathine. The syrup was, therefore, 
hydrolysed by boiling with HCl (5) for 3 hr. The 
resulting solution, after filtration, was evaporated to 
dryness, and the residue exhaustively extracted 
with ethanol. Examination of the concentrated 
extract by paper chromatography showed the 
presence of sulphanilic acid, 3-hydroxysulphanilic 
acid and their amides, 2-hydroxy-4:6-dimethy]l- 
pyrimidine and 2:5-dihydroxy-4:6-dimethylpyrimi- 


dine. The identifications were confirmed using all 


the solvent mixtures given in Tables 1 and 2. The 
amount of 2:5-dihydroxy-4:6-dimethylpyrimidine 
was very much greater than that of the compound in 


' hormal urine giving a similar spot on the chromato- 
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grams. When the syrup was hydrolysed with 2N 
instead of 5N-HCI, 2-amino-5-hydroxy-4:6-dimethyl- 
pyrimidine was detected in addition to the hydrolysis 
products mentioned above. This disposes of the 
possibility that the spot on the chromatogram 
corresponding to 2:5-dihydroxypyrimidine was 
entirely due to a compound derived from normal 
urine, 


METABOLISM OF SULPHAMEZATHINE 


403 


4:6-Dimethylpyrimidines 
Quantitative studies 


The results obtained after administration of 4:6- 
dimethylpyrimidine and 2-amino-4:6-dimethylpyri- 
midine are summarized in Table 4. More than half 
the dose of 4:6-dimethylpyrimidine was accounted 
for as ether-soluble acid and about 10 % appeared to 
be hydroxylated and conjugated, mainly as ethereal 
sulphate. The excretion of metabolites of 2-amino- 
4:6-dimethylpyrimidine was slow, and the values 
given in Table 4 represent 48 hr. excretion. This 


Table 4. Excretion products of 4:6-dimethylpyrimi- 
dine and 2-amino-4:6-dimethylpyrimidine in the 
rabbit 


(Dose 1-0 g.) 
Percentage of dose 
excreted 
No. of 
exp. Range Average 
4:6-Dimethylpyrimidine 
Ethereal sulphate 4 4-12 8 
Ester glucuronide 17 0-5 2 
Ether glucuronide 9 0 0 
Ether-soluble acid 17 47-64 55 
2-Amino-4:6-dimethylpyrimidine 

Ethereal sulphate 5 13-27 22 
Ester glucuronide 12 0 0 
Ether glucuronide 12 7-20 13 
Ether-soluble acid 5 0 0 


compound appears to be hydroxylated more readily 
than 4:6-dimethylpyrimidine, about 35 % of the dose 
being excreted as ethereal sulphate and ether glucu- 
ronide. None was excreted as ether-soluble acid. 


Qualitative experiments 


4:6-Dimethylpyrimidine. The 24 hr. urine of six 
rabbits which had each received 1 g. 4:6-dimethyl- 
pyrimidine was adjusted to pH 4 and continuously 
extracted with ether for 24 hr. The extracted 
material was crystallized from water (charcoal) and 
gave 0-3 g. small yellow prisms (m.p. 167—168°) 
darkening on exposure to air. There was no depres- 
sion of melting point on admixture with 4-methyl- 
pyrimidine-6-carboxylic acid, m.p. 166°. (Found: 
N, 20-6. Cale. for C,H,O,N,: N, 20-3 %.) ‘The ether 
extract gave no precipitate with saturated aqueous 
mercuric chloride. This suggests that no appreciable 
amount of 4:6-dimethylpyrimidine is excreted un- 
changed. 

2-Amino-4:6-dimethylpyrimidine. The ether ex- 
tract of the 48 hr. urine (pH 7) from ten rabbits 
which had received a total of 10 g. 2-amino-4:6-di- 
methylpyrimidine yielded 300 mg. crystalline 
material, which after recrystallization from water 
had m.p. 187°. This was identified as an equimole- 
cular complex of 2-amino-4:6-dimethylpyrimidine 
and urea; mixed m.p. 186° with synthetic complex 
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(m.p. 187°). (Found: C, 45:6; H, 7-0; N, 38-6. Calc. 
for C,H,,0ON;: C, 45-9; H, 7-1; N, 38:2%.) The 
residual urine after addition of HCl (0-2 vol. 10N) was 
boiled for 2 hr., cooled, adjusted to pH 1 and again 
extracted with ether for 48 hr. The extracted hydro- 
lysed urine was evaporated to dryness in vacuo and 
the residue exhaustively extracted with ethanol. 
Examination of this extract by paper chromato- 
graphy indicated the presence of much 2-amino-5- 
hydroxy-4:6-dimethylpyrimidine. The spots corre- 
sponding to 2:5-dihydroxy-4:6-dimethylpyrimidine 
were not sufficiently intense to be distinguished with 
certainty from the spots given by hydrolysed normal 
urine. Acetone (5 vol.) was added to the ethanol 
extract. The precipitate was discarded and the 
acetone solution, after concentration, was adsorbed 
on a paper powder column (57 cm. long, 3-5 cm. 
diameter, cf. Hough, Jones & Wadman, 1949) and 
eluted with a mixture of acetone (3 vol.) and ethanol 
(1 vol.) for 48 hr. Fractions collected between 12 and 
27 hr. were combined and concentrated to a syrup 
which crystallized on standing. Recrystallization 
from ethanol with addition of acetone or ether gave 
200 mg. colourless needles m.p. 187°, identified as 
2-amino-5-hydroxy-4:6-dimethylpyrimidine hydrc- 
chloride (m.p. 187°) by mixed m.p. (187°) and com- 
parison on paper chromatograms. (Found: C, 41-2; 
H, 5-6; N, 23-8; Cl, 19-9. C,H,,ON,Cl requires C, 
41-0; H, 5-7; N, 23-9; Cl, 20-2%.) 


Other sulphonamides 


Sulphadiazine (2-sulphanilamidopyrimidine), sul- 
phamerazine (4 - methyl - 2 - sulphanilamidopyrimi- 
dine), sulphapyrazine (2-sulphanilamidopyrazine), 
sulphapyridine (2-sulphanilamidopyridine) and sul- 
phathiazole (2-sulphanilamidothiazole) were ad- 
ministered to rabbits. For each experiment the 
pooled urines from four rabbits which had each 
received 2-5 g. (1 g. in the case of sulphathiazole) were 
used. Ethanol extracts of the hydrolysed glucu- 
ronide syrups were prepared as already described for 
sulphamezathine and examined by paper chromato- 
graphy. Each extract was run using the solvent 
mixtures A, C, D, E and F described in Table 1. The 
chromatograms from all the sulphonamides except 
sulphapyridine indicated the presence not only of 
both sulphanilic acid and its amide but also of small 
amounts of 3-hydroxysulphanilic acid and its amide. 
The hydroxylated acid and amide appeared to be 
present in amounts somewhat smaller than those 
from sulphamezathine, the spots from sulphamera- 
zine showing most strongly while those from sul- 
phathiazole were comparatively feeble. (The dosage 
for sulphathiazole was two-fifths that of the other 
sulphonamides.) Neither products of hydrolysis nor 
the administered sulphonamide, free or acetylated, 
could be detected in the glucuronide fractions before 
hydrolysis. Whilst the hydrolysed glucuronide 
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syrups from these four sulphonamides each yielded 
both sulphanilic acid and sulphanilamide on acid 
hydrolysis, no sulphanilamide or 3-hydroxysul- 
phanilamide could be detected on the chromatograms 
from the hydrolysed glucuronide syrup from sulpha- 
pyridine, although both the corresponding acids 
were readily seen. The amount of 3-hydroxysul- 
phanilic acid appeared to be comparable with that 
obtained from sulphamerazine. 


DISCUSSION 


Our study of the two pyrimidines has proved that 
oxidation of a methyl group in a 4:6-dimethylpyri- 
midine can occur in the rabbit since not only was 
there a large increase in the excretion of ether. 
soluble acid, but also 4-methylpyrimidine-6-carb- 
oxylic acid was isolated from the urine of rabbits 
receiving 4:6-dimethylpyrimidine. When, however, 
an amino group is introduced in position 2 both 
analytical evidence (Table 4) and failure of attempts 
at isolation suggested that no carboxylic acid was 
formed. There was, however, a significant increase in 
excretion of ethereal sulphate and ether glucuronide 
indicating hydroxylation corresponding to approxi- 
mately one-third of the dose, compared with the very 
small increase in excretion of ethereal sulphate after 
giving 4:6-dimethylpyrimidine. Furthermore, 2- 
amino-5-hydroxy-4:6-dimethylpyrimidine was iso- 
lated from the hydrolysed urine of rabbits dosed with 
2-amino-4:6-dimethylpyrimidine. 

If sulphamezathine be regarded as a N?-sub- 
stituted 2-amino-4:6-dimethylpyrimidine, hydroxy- 
lation in position 5 of the pyrimidine nucleus might 
be expected as well as absence of oxidation of a 
methyl group to carboxyl. In fact there is no in- 
crease in excretion of ether-soluble acid after giving 
sulphamezathine (Table 3) and this supports the idea 
that no oxidation of methyl to carboxyl occurs. 
Regarding sulphamezathine as a N!-substituted sul- 
phanilamide, considerable N‘-acetylation and a 
small degree of hydroxylation in position 3 of the 
benzene nucleus might be expected, since sulphanil- 
amide is known to be largely acetylated in the rabbit, 
and to be hydroxylated to a very much smaller 
extent, forming 3-hydroxysulphanilamide (Thorpe, 
Williams & Shelswell, 1941; Williams, 1946). There 
is evidence of acetylation of sulphamezathine from 
the quantitative results (Table 3) and from the 
isolation of N*-acetylsulphamezathine. Unfor- 
tunately, we have failed to isolate a glucuronide from 
sulphamezathine urine, and acid hydrclysis of the 
glucuronide fraction not only splits off the glucuronic 
acid but also causes fission of the hydroxylated sul- 
phamezathine molecule. Hydrolysis of sulphame- 
zathine under similar -conditions has shown that 
fission either at the S—N or at the N—C linkage is 
possible, since both sulphanilic acid and sulphanil- 
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amide are formed. There is the further complication 
that, if on boiling with acid any 2-amino-4:6-pyri- 
midine is formed, it would be readily converted to 
2-hydroxy-4:6-pyrimidine. Similarly, 2-amino-5- 
hydroxy-4:6-dimethylpyrimidine can be converted, 
although less readily, to 2:5-dihydroxy-4:6-dime- 
thylpyrimidine. Theoretically, then, hydrolysis of a 
glucuronide of hydroxylated sulphamezathine might 
yield sulphanilic acid (or amide), 3-hydroxysul- 
phanilic acid (or amide), 2-hydroxy-4:6-dimethyl- 
pyrimidine, 2-amino-5-hydroxy-4:6-dimethylpyri- 
midine or 2:5-dihydroxy-4:6-dimethylpyrimidine. 
We have actually detected all these compounds in 
the hydrolysed urine of rabbits dosed with sulpha- 
mezathine. This clearly indicates that hydroxylation 
has occurred in both rings, and raises the question 
whether two monohydroxysulphamezathines or one 
dihydroxysulphamezathine are formed as meta- 
bolites. The fact that we detected sulphanilic acid 
and sulphanilamide argues the existence of 5- 
hydroxy- 4:6 - dimethyl1-2-sulphanilamidopyrimidine 
(II) and the presence of 2-hydroxy-4:6-dimethyl- 
pyrimidine in the hydrolysis mixture is evidence for 
2-(3’-hydroxysulphanilamido)-4:6-dimethylpyrimi- 
dine (III). The existence of the two monohydroxy- 
sulphamezathines does not, however, eliminate the 
possibility that some 5-hydroxy-2-(3’-hydroxysul- 
phanilamido)-4:6-dimethylpyrimidine (IV) might 
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also be formed. It should, perhaps, be emphasized 
that neither sulphamezathine nor any of its hydro- 
lysis products could be detected in the glucuronide 
syrup before hydrolysis, so that the sulphanilic 
acid, sulphanilamide and 2-hydroxy-4:6-pyrimidine 
identified after hydrolysis must have been formed by 
breakdown of hydroxysulphamezathines. No 3- 
hydroxysulphanilie acid, 3-hydroxysulphanilamide 
or 2-amino-5-hydroxy-4:6-dimethylpyrimidine could 
be detected in the syrup before hydrolysis. 

The results of the examination of the hydrolysed 
glucuronide syrups obtained from the urine of 
rabbits dosed with the other sulphonamides suggests 
that they also can be hydroxylated both in the hetero- 
cyclic and in the benzene ring. The amounts of sul- 
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phanilic acid and amide in the hydrolysates were 
obviously much greater than those of the 3-hydroxy 
acid and amide so that hydroxylation of the hetero- 
cyclic ring appears to be the predominant reaction. 
It is, perhaps, of interest that of the six sulphon- 
amides only sulphapyridine gave no sulphanilamide 
or 3-hydroxysulphanilamide on hydrolysis. This con- 
firms earlier work in which sulphanilic acid but no 
sulphanilamide was isolated after hydrolysis of sul- 
phapyridine or hydroxysulphapyridine (Bray et al. 
1946). It would appear that the linkage between the 
sulphonamide nitrogen and the carbon of the pyri- 
dine ring is more stable than that with the carbon of 
the other heterocyclic rings. 


SUMMARY 


1. The metabolism of sulphamezathine (4:6-di- 
methy1-2-sulphanilamidopyrimidine), 4:6-dimethyl- 
pyrimidine and 2-amino-4:6-dimethylpyrimidine in 
the rabbit has been studied. 

2. Sulphamezathine is excreted mainly acetylated 
(79 % of the dose). A small amount (9 % of dose) is 
unacetylated, and 12 % is excreted apparently con- 
jugated as ether glucuronide. Attempts to isolate 
the hydroxylation product or glucuronide were un- 
successful. 

3. The nature of the hydroxylation product of 
sulphamezathine is discussed. Examination of 
glucuronide hydrolysates by paper chromatography 
provides evidence of the formation of both 5- 
hydroxy- 4:6-dimethyl- 2-sulphanilamidopyrimidine 
and 2-(3’-hydroxysulphanilamido)-4:6-dimethylpy- 
rimidine. 

4. 4:6-Dimethylpyrimidine is excreted to an 
extent of 55 % as ether-soluble acid. 4-Methylpyri- 
midine-6-carboxylic acid has been isolated from 
metabolic urines. A small amount (8 % of the dose) 
is excreted as ethereal sulphate. 

5. 2-Amino-4:6-dimethylpyrimidine is excreted 
as O-conjugates to an extent of 35 % of the dose (13% 
as ethereal sulphate and 22 % as ether glucuronide). 
2-Amino -5-hydroxy -4:6-dimethylpyrimidine has 
been isolated from the hydrolysed urine. 

6. There is evidence that hydroxylation in position 
3 in the benzene ring occurs to a small extent when 
sulphadiazine, sulphamerazine, sulphapyrazine, sul- 
phapyridine or sulphathiazole are metabolized in the 


rabbit. 
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Isolated Nuclei from Cells of the Cerebral Cortex. 
Preparation and Enzyme Content 


By D. RICHTER anv R. P. HULLIN 
Neuropsychiatric Research Centre, Whitchurch, Cardiff 


(Received 20 September 1950) 


Cell nuclei have previously been isolated from the 
liver and certain other animal tissues (Dounce, 1943), 
but little is known of the biochemical properties of 
nerve cell nuclei or of the part played by them in the 
economy of the cell. The nuclei of nerve cells differ 
from those previously obtained, in that they come 
from cells so highly specialized that they have lost 
their power of mitosis. It may therefore be expected 
that any biochemical characteristics found in them 
will reflect, not so much the special requirements of 
cell division as the part played by the nucleus in the 
normal functional activity of the cell. The relatively 
large size of the nerve cell nuclei and their prominent 
nucleolar apparatus have suggested that they may 
be specially concerned in the synthesis of the nucleo- 
protein and other metabolites required for the main- 
tenance of the nerve axons (Caspersson, 1947). 

The method now described for the preparation in 
quantity of isolated nuclei from the cerebral cortex 
is similar to that used by Dounce for liver : it depends 
on grinding the tissue with dilute citrate solution at 
pH 6-0-6-2 to cause extrusion of the nuclei from the 
cells, followed by repeated differential centrifugation 
at varying speeds to separate the nuclei from the 
eytoplasm and cell debris. The method is mild 
enough to avoid destruction of many of the enzymes 
present in the tissue, and it has enabled a study of the 


enzymes of the nerve cell nucleus to be made. It has 
been shown that these nuclei contain an active 
cytochrome oxidase, carbonic anhydrase, acetyl- 
choline esterase and, contrary to some investigators 
who have used the Gomori histological method, 
active alkaline and acid phosphatases. These results 
give confirmation to the view that the nerve cell 
nucleus is metabolically active. 


EXPERIMENTAL 


Preparation of isolated nuclei 


After removing the meninges from the brain, the grey 
matter was separated from the white by scraping with a 
blunt spatula. To 100 g. cortical tissue in a large mortar were 
added 240 g. crushed ice and 240 ml. water. The distilled 
water was previously brought to pH 7-0 by adding NaOH 
to neutralize any CO, dissolved in it. While grinding, citric 
acid solution (20 ml., 1-1%) was added slowly, so that the 
pH (glass electrode) was kept at 6-0-6-2. Grinding was 
continued until the ice had melted (45 min.). The mixture 
(600 ml.) was then strained through four thicknesses of 
cotton gauze (20 mesh/in.) into four 250 ml. centrifuge 
bottles. 

The centrifuging was carried out in eight stages with a 
Servall G/1 angle centrifuge, to which a fixed resistance of 
177 Q was connected in series to allow a wider range of low 
speeds to be obtained. At each stage the supernatant 
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solution was decanted and examined microscopically, after 
adding a trace of toluidine blue, to make sure that no nuclei 
were lost; it was then suspended in distilled water. After 
some preliminary trials, the conditions set out in Table 1 
were found to be the best. 


Table 1. Conditions of centrifugations used in the 
isolation of cell nuclei 


(Columns 2, 3 and 4 give the rheostat position, duration 
and speed respectively of each centrifugation. At each 
stage the supernatant solution was discarded and the 
residue resuspended with a mechanical stirrer in the volume 
of water given in column 5. After the sixth centrifugation 
the suspension was strained through four thicknesses of 
gauze. After the seventh, the suspension was allowed to 
stand in a measuring cylinder for 45 min. The upper 95 ml., 
containing the nuclei, were carefully decanted from a small 
residue, consisting mainly of whole cells.) 


Water 
Position added to 
Centri- of Max residue 
fugation rheostat Time speed at end 
no, (units) (min.) (rev./min.) (ml.) 
1 50 15 1600 400 
2 50 10 1600 400 
3 40 10 1450 400 
4 35 5 1250 200 
5 25 5 1000 200 
6 15 5 650 200 
a 20 5 800 100 
8 60 10 1800 40 


If the separation was found to be unsatisfactory at any 
stage, the residue and supernatant solution were recombined 
and the centrifuging was repeated with such modifications 
as might be necessary. The bucket-type centrifuge head 
could be used, but the optimal speeds and duration of the 
centrifuging were then different. With practice the method 
described worked successfully with rabbit, rat and human 
brains. It worked both on fresh tissue and on material which 
had been kept up to 3 days in an ice chest. The final sus- 
pension in 40 ml. distilled water was found convenient to 
use for most of the biochemical determinations which were 
carried out. It was kept in the refrigerator in a conical beaker, 
containing a few glass beads which assisted in producing a 
homogeneous suspension when required. 

Microscopic examination, after staining with toluidine 
blue, showed the preparation to contain many nuclei from 
nerve cells and glial cells, with a few from the endothelial 
cells of the blood vessels. There were generally some capillary 
fragments present and occasional whole cells and nuclei 
with adherent cytoplasm, but it was estimated that such 
impurities could not have exceeded 5-10% of the weight. 
The nerve cell nuclei were about 40% of the total number 
present, but in view of their larger mean size the nerve cell 
nuclei would be expected to constitute the greater part of the 
dry weight. About 0-7 g. of nuclei (dry wt.) was obtained 
from 100 g. of fresh cortical tissue. In a series of ten human 
brains the nuclei represented on the average 4-8% of the 
dry weight of the cortical tissue. 


Determination of enzyme activities 


The alkaline and acid phosphatases were determined by 
the method of King & Armstrong (1934), using disodium 
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phenyl phosphate as substrate. The rate of hydrolysis was 
followed with the reagent of Folin and Ciocalteu, using a 
photoelectric absorptiometer. For the alkaline phosphatase 
the hydrolysis was allowed to proceed for 15 min. at pH 9-0; 
for the acid phosphatase it was carried out at pH 4-9 for 
lhr. Activities are expressed in King-Armstrong units, or 
mg. phenol liberated/g. dry tissue at 37° under the standard 
conditions. For the cytochrome oxidase determination 
cytochrome c was prepared from heart muscle by the method 
of Keilin & Hartree (1938). The enzyme activity was then 
determined manometrically with ascorbic acid as a reducing 
agent as described by Schneider & Potter (1943). Activities 
are expressed as ml. O, taken up/hr./g. dry tissue. 

Acetylcholine esterase (‘true’ or ‘specific’ cholinesterase) 
was determined by the titration method with acetylcholine 
as substrate and cresol red as indicator. For each deter- 
mination three 25 ml. tubes were set up in a bath at 37°. The 
first tube contained 1 ml. 1 % acetylcholine chloride, 0-5 ml. 
0-04% cresol red solution, 12 ml. distilled water and 2 ml. 
of nuclei suspension. The second tube containing the same 
solutions with 0-1 ml of 1% eserine sulphate served as a 
control. The third tube, containing 7 ml. of 0-2M-boric acid 
in 0-05m-NaCl, 3 ml. of 0-05m-borax (Na,B,0,.10H,O) 
solution, 0-5 ml. of 0-04% cresol red and 3 ml. water, was 
used as a colorimetric standard for the titration, which was 
carried out at 15 min. intervals with 0-3n-NaOH. The 
enzyme activity was expressed as pmol. of acetylcholine 
hydrolysed/g. dry tissue/hr. 

Carbonic anhydrase was determined by measuring the 
time taken for a solution of CO, to reduce the pH of a 
veronal buffer solution from 9-0 to 6-3 through the formation 
of bicarbonate ions. This method was suggested by Roughton 
& Booth (1946) who found that the more usual colorimetric 
method using Na,CO, (Ashby & Chan, 1943) was unsatis- 
factory owing to the strongly inhibitory action of carbonate 
ions on the enzyme. In a large beaker containing crushed 
ice, eight tubes were set up, each containing 0-4 ml. veronal 
buffer (0-022 m-veronal in 0-22M-sodium veronal) and 0-2 ml. 
0-4% bromothymol blue solution. To four of the tubes were 
added 0-3 ml. of 1 in 3 dilution of the nuclei or tissue sus- 
pension and 4-6 ml. water. To the remaining four (control) 
tubes were added 4-9 ml. water. After mixing and allowing 
30 min. or more for the temperature to fall to 0°, 5 ml. of 
water saturated with CO, at 0° were rapidly injected below 
the surface with a previously cooled 5 ml. glass syringe 
fitted with a wide-bore stainless steel needle. The CO, con- 
tent of the saturated solution was approximately 0-07m as 
determined by titration with standardized Ba(OH),. The 
tube was rapidly stoppered, the contents mixed by shaking 
and the time was measured with a stop-watch for the colour 
to match that of a standard tube containing the same 
arnount of tissue suspension in 1 ml. m/15-phosphate buffer 
pH 6-3, 0-2 ml. bromothymol blue solution and 9-3 ml. water. 
The mean time for the four control tubes and the four tubes 
containing enzyme was noted and enzyme activity was 
calculated as described by Roughton & Booth and expressed 
as mmol. CO, ionized/I./g. dry weight/sec. A small correction 
was made for the carbonic anhydrase content of the blood 
combined in the tissue; this was found by estimation by the 
benzidine method to be of the order of 0-05-1-5%. The 
blood content of the nuclear suspensions was negligible. 
Under the experimental conditions used, the time taken for 
the control tubes to change colour so as to match the 
standard was about 80 sec., while the time taken after the 
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addition of tissue or nuclear suspension was about 25-35 sec. 
Since all determinations were carried out in quadruplicate 
the reproducibility of the individual figures was good. 





Calculation of the enzyme concentration 
in the cytoplasm 


In attempting to assess the functional significance 
of the nuclei it was desirable to know the distribution 
of the enzymes studied between the nucleus and 
cytoplasm of the cells. A direct determination of 
the enzyme activity of cytoplasm would have been 
difficult, since the cytoplasm was greatly diluted by 
the method of extracting the nuclei, but it appeared 
possible to obtain approximate figures for the cyto- 
plasm enzymes which would be sufficiently accurate 
to be of use by measurement of the enzymic activities 
of the isolated nuclei and of the whole tissue and 
calculation of the cytoplasmic values therefrom. 


From determination of dry weights on 100g. of fresh 
cerebral cortex in ten human brains it was found that the 
isolated nuclei represented approximately 5% (range 
3-2-6-9%; mean 4-8%) of the dry weight of the whole 
tissue. The calculated enzyme content of 5% of the whole 
tissue at the level of activity in the nuclei was subtracted 
from the value found experimentally for the whole tissue. 
The value thus obtained for the enzyme content of the 
extranuclear material was then converted to an enzyme 
activity in terms of the dry weight of the extranuclear 
material. Taking the extracellular content of fresh human 
cerebral cortex to be 33% of the whole (Stewart-Wallace, 
1939) and assuming this to resemble a colloid-free serum 
ultrafiltrate (Peters, 1935) containing only about 0-7% of 
dissolved solid (mainly NaCl), it could be calculated that 
in the grey matter of the brain the extracellular fluid con- 
tributes relatively little (about 2%) to the dry weight of the 
tissue. If it is taken that the enzymes examined are present 
mainly in the cells, which contain most of the dry weight 
of the tissue, the enzymic activity calculated for the extra- 
nuclear material would thus be expected to approximate to 
that of the cell cytoplasm. The figures given for the enzymic 
activity of the cell cytoplasm were calculated on this basis. 


Stability of enzymes 


For studying the distribution of enzymes between nucleus 
and cytoplasm, it was necessary that the enzymes should 
be relatively stable and able to stand up to the procedure 
involved in the separation of the nuclei from the tissue. 
Preliminary experiments were therefore carried out to test 
the stability of the enzymes chosen for investigation. The 
mean activity of alkaline phosphatase in whole tissue sus- 
pensions from five brains kept for 2-4 days at 1-4° in the 
refrigerator was 98-5 % of the initial mean value. The mean 
activity for six preparations of nuclei kept for 2-5 days was 
98-3 % of the initial value, and further experiments showed 
no significant decrease in alkaline phosphatase activity in 
whole tissue and nuclei preparations kept for 17 and 19 days 
respectively. These results agreed with some previous 
observations of Fleischhacker & Yates (1936) on the stability 
of this enzyme. 

Similar experiments to test the stability of the acid 
phosphatase of human brain showed a falling off to about 
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75-80% of the initial activity in five whole tissue sus- 
pensions kept for 4 days: but the activities found on keeping 
for a further period of 17 days in the refrigerator were still 
78-80% of the initial values. The acid phosphatase was 
apparently more stable in the nuclei suspensions: four pre- 
parations showed no significant decrease in activity in 
2-4 days and one showed an activity of 91-4% of the initial 
value after keeping for 19 days. Acetylcholine esterase is 
known to be a relatively stable enzyme (Glick, 1937), and 
no significant change of activity was found in the choline 
esterase activity of either nuclei or brain tissue suspensions 
kept at 1-4° for periods up to 20 days. Wilbur & Anderson 
(1948) reported no change in the carbonic anhydrase activity 
of whole rat brain preparations kept for several weeks at 0°: 
this was confirmed for nuclei and whole cell suspensions 
from human brain kept for periods up to 21 days at 1-4°. 

Successive determinations of the cytochrome oxidase 
activity in preparations of human brain tissue and isolated 
nuclei showed a relatively rapid falling off in activity on 
keeping. Thus in two preparations of cerebral cortex the 
mean activity fell in 1 day to 76%, in 2 days to 61%, in 
3 days to 48%, in 4 days to 37% and in 5 days to 29% of 
the initial value. It was also observed that determinations 
carried out on autopsy material obtained 24 hr. or more 
after death gave considerably lower cytochrome oxidase 
activities than were found in fresh brain biopsy specimens 
determined within 2-3 hr. of removal from the patients. The 
instability of this enzyme made it unsuitable for accurate 
studies of the distribution in the cerebral cortex, but in 
view of the importance of cytochrome oxidase in cellular 
oxidation reactions a few determinations on nuclei pre- 
parations are reported. 

The human brains used in this investigation for the 
studies of enzyme distribution were taken at autopsy from 
subjects who had died from the intercurrent illnesses which 
are given in Table 3. There was no evidence in any of them 
of any abnormality of the brain. The autopsies were done 
12-24 hr. after death and the biochemical work was started 
immediately. Except for cytochrome oxidase, it appeared 
that the enzymes chosen for investigation would not undergo 
any considerable loss of activity in this time. 


RESULTS 


The figures showed that alkaline phosphatase was 
present in relatively high concentration in the nuclei 
of cells of the cerebral cortex (Table 2). In every 
case the enzymic activity of the nucleus was greater 
than that of the whole tissue, or the activity calcu- 
lated for the cell cytoplasm. The figures also sug- 
gested an apparent relation of the alkaline phos- 
phatase activity of the nucleus to the age of the 
subject. Thus lower activities were generally found 
in the nuclei from the older subjects while higher 
activities were found in those from the younger 
subjects. The activity in the whole tissue and that 
calculated from the cytoplasm did not vary with 
the age to the same extent as in the nuclei. The 
acid phosphatase was generally less active than the 
alkaline phosphatase in the cell nuclei and it was 
more evenly distributed, so that the activities in 
nucleus and cytoplasm were similar. There was no 
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Table 2. Distribution of alkaline and acid phosphatase between nucleus 
and cytoplasm of cells of human cerebral cortex 


(Units/mg. dry weight. Figures for nuclei and whole tissue were determined: values for cytoplasm were calculated. 
Causes of death are given in Table 3. In subject A. M. A., aged 6 days, the separation of grey and white matter was 


unsatisfactory and values for the cytoplasm could not therefore be calculated.) 


Alkaline phosphatase 


t 


Age Whole 
Subject (years) Sex Nuclei tissue 
W. B. J. 59 M 27-0 5-2 
L. G. H. 78 M 16-6 7-2 
M. W. 69 F 14-6 71 
H. E. 67 M 13-5 4-1 
W. G. E. 57 M 19-4 9-4 
T. E. J. 47 M 10-4 9-4 
C. M. 51 M 14-6 8-3 
R. M. 50 F 16-0 12-7 
L. C. 3 M 68-5 12-1 
H. B. 56 M 49-3 13-1 
W. J. E. 48 M 40-2 9-2 
H. A. 49 M 39-5 13-7 
H. H. 46 M 44-7 6-1 
A.C. 84 F 18-3 5-2 
A. M. A. 6 days F 54:8 11-4 


Water 
Acid phosphatase content of 

rs whole 

Cyto- Whole Cyto- tissue 
plasm Nuclei tissue plasm (%) 
41 11-4 13-1 13-2 84-6 
6-7 9-1 7-0 7-0 86-2 
6-7 8-3 9-1 9-0 86-3 
3-7 6°3 6-7 6-7 85-0 
8-8 18-0 13-1 12-8 83-7 
9-4 16-8 15-5 15-4 84-4 
7-9 10-2 14-5 14-7 83-7 
12-5 10-1 13-7 13-9 83-2 
9-1 10-7 10-8 10-9 85-5 
11-2 11-3 9-4 9-3 87-9 
7-6 10-4 7-2 7-0 84-5 
12-3 13-4 11-0 10-9 83-9 
4-1 13-1 9-8 9-6 83-1 
4-6 6-5 9-1 9-2 85-8 

= 58 10-1 — — 


Table 3. Distribution of acetylcholine esterase and carbonic anhydrase between the nucleus and cytoplasm 


(Units/mg. dry weight.) 


Acetylcholine esterase 





Carbonic anhydrase 


A 


a ener ener Te Pee peed a = ee 
Subject Nuclei Whole tissue Cytoplasm Nuclei Whole tissue Cytoplasm Cause of death 
W. B. J. 287 266 265 33-1 96-7 100 Pulmonary congestion 
L. G. H. 311 246 253 30-5 96-5 100 Coronary thrombosis 
M. W. 286 248 246 33-2 77-2 78-4 Lobar pneumonia 
H. E. 281 125 117 36-5 110 114 Coronary thrombosis 
W. G. E. 317 220 215 34:5 76-6 78-8 Coronary occlusion 
T.E. J. 260 218 216 44-4 146 151 Cardiac failure 
C. M. 326 127 117 30-3 89-5 92-6 Rupture of aortic 
aneurism 
R. M. 108 183 187 35-6 87:8 90-5 Renal tuberculosis 
L. C. 51 235 245 24-3 67-4 70-0 Broncho-pneumonia 
H. B. 231 169 166 19-7 88-5 92-1 Lymphatic leukaemia 
W. J. E. 285 160 153 19-8 80-4 83-6 Carcinoma of bronchus 
H. A. 279 212 208 27-5 78-1 80-8 Carcinoma of bronchus 
H. H. 225 136 131 26-0 85-8 89-0 Carcinoma of bronchus 
A.C. 164 240 244 — _— — Carcinoma of gall 
bladder 
A.M. A. 90 870 — 57-1 29-8 -- Pneumonia 
evidence of any relation to age. Acetylcholine enzyme little significance can be attached to the 


esterase was found in considerable concentration in 
the isolated nuclei (Table 3). That this was the 
‘specific’ or ‘true’ choline esterase was confirmed by 
preliminary tests with methyl butyrate as a sub- 
strate; this ester was not hydrolysed. In eleven of 
the fourteen brains examined, the activity was 
greater in the nucleus than in the cytoplasm. It is 
noteworthy that the activity in the nucleus was 
relatively low in the two infant brains included in the 
series. Carbonic anhydrase activity was consider- 
ably greater in the cytoplasm than in the nuclei. 
Cytochrome oxidase was found to be present in con- 
siderable concentration in the isolated nuclei from 
the cerebral cortex. In view of the instability of this 


individual figures, but in the twelve brains examined, 
the mean activities were 32 units/mg. dry weight 
for the nuclei, 36 for the whole tissue and 39 caleu- 
lated for the cytoplasm. Correction for the probable 
loss in activity on standing gave a value of approxi- 
mately 50 for the fresh tissue. This agreed with the 
mean value of 48 units/mg. found for eight brain 
biopsy specimens taken from patients suffering from 
schizophrenia. 


DISCUSSION 
The observation that isolated nuclei from the cere- 


bral cortex contain a high concentration of alkaline 
phosphatase may be related to the cytological 
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studies of Willmer (1942) and of Krugelis (1946), 
who reported that the chromosomes gave an intense 
reaction for alkaline phosphatase when tested by 
Gomori’s histochemical method. Brachet & Jeener 
(1946) observed a certain parallelism between the 
intensity of the nuclear alkaline phosphatase 
reaction and the rate of phosphorus turnover in 
deoxyribonucleic acid, from which they concluded 
that the alkaline phosphatase may be responsible for 
phosphate exchanges in the deoxyribonucleic acid. 
It has recently been confirmed by Ross & Ely (1949) 
that alkaline phosphatase acts slowly on poly- 
merized deoxyribonucleic acid as well as on the 
depolymerized form. The Gomori histochemical 
method has recently been subjected to a good deal 
of criticism (Martin & Jacoby, 1949). It is therefore 
of interest that the direct biochemical methods used 
in the present investigation have confirmed the high 
alkaline phosphatase activity of the nerve cell 
nucleus indicated by the histochemical method. The 
higher activity found in nuclei in the brains of 
infants would agree with the suggested function of 
alkaline phosphatase in relation to deoxyribonucleic 
acid metabolism, which is particularly fast in 
actively developing tissues. 

The biochemical significance of acid phosphatase 
is not yet understood. The present studies indicated 
that it is present in similar concentration in the 
nucleus and cytoplasm of the nerve cell, though 
preliminary experiments on the stability of the 
enzyme suggested that the cytoplasm may contain 
two acid phosphatases which differ in their stability 
to keeping. Studies on the distribution of acid phos- 
phatase by the histochemical method of Gomori 
have given divergent results and here the direct 
biochemical method would appear to be more re- 
liable, for it has been shown that as much as 90 % of 
the enzyme may be lost during the preliminary process 
of embedding the tissue (Stafford & Atkinson, 1948). 
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A high concentration of cholinesterase was found 
in the cell nuclei. This does not appear to fit in with 
the views of Nachmansohn (1946) who has con. 
cluded, mainly from observations on squid axons, 
that cholinesterase is concentrated at the cell surface. 
From this, further conclusions as to the physio- 
logical function of the enzyme in neuronal con- 
duction have been drawn. 

For reasons already given, the figures obtained for 
the cytochrome oxidase activity represent minimal 
values. They show, however, that the nucleus is 
approximately as active as the cytoplasm in this 
enzyme and hence give support to the view that the 
cell nucleus is metabolically active. 

The observations on carbonic anhydrase distri- 
bution can hardly be evaluated before more is known 
about the function of the cell nucleus and of the 
physiological significance of this enzyme. The present 
preliminary results are reported at this stage since 
some of them have a bearing on other work which is 
in progress elsewhere, and because this method of 
studying the isolated nuclei would appear to offer 
a new method of approach to the study of the 
chemical pathology of the brain in mental disease. 


SUMMARY 


1. A method is described for the preparation of 
isolated nuclei of cells of the cerebral cortex. 

2. The distribution of enzymes between the 
nucleus and cytoplasm of cells of the human cerebral 
cortex was determined for (a) alkaline phosphatase, 
(b) acid phosphatase, (c) acetylcholine esterase, and 
(d) carbonic anhydrase. 
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The experiment to be reported is concerned mainly 
with two related problems of milk secretion: (a) with 
the origin of the glyceride fatty acids in the milk, and 
(b) more specifically, with the origin of the short- 
chain (steam-volatile) fatty acids which are found 
in the milk of many species, particularly of herbi- 
vorous animals, but which have not been detected 
in body fat. 

The subject has been recently reviewed (Folley, 
1949) and here only the main features of current 
views will be summarized. Graham, Jones & Kay 
(1936) concluded that the amount of glyceride fat 
which disappeared from the blood during passage 
through the udder of lactating cows was sufficient 
to account for the production of milk fat. Voris, 
Ellis & Maynard (1940), using a more specific method 
for the estimation of blood glycerides, confirmed the 
uptake of blood fat by the udder of lactating cows. 
On the other hand, the finding of a high respiratory 
quotient for the active udder in vivo led to the sug- 
gestion that part of the milk fat might be synthe- 
sized in the gland from carbohydrate sources 
(Graham, Houchin, Peterson & Turner, 1938). To 
explain the occurrence of the short-chain acids 
several speculative views have been put forward. It 
was suggested, for instance, by Reineke, Stonecipher 
& Turner (1941), that if part of the milk fat is 
synthesized in the gland from carbohydrate, the 
short-chain acids might be the part so formed. The 
most fully developed theory, however, that of 
Hilditch, assigns no synthetic role to the glandular 
tissue, but points to the blood glycerides, especially 
their oleic acid component, as the source of the 
volatile acids (see Hilditch, 1947, pp. 306-10). 

Evidence of a more direct kind has appearéd 
recently from studies of acetate metabolism in 
mammary tissue. On the basis of in vitro utilization 
of acetate by lactating mammary gland slices, with 
an R.Q. greater than one, Folley & French (1948, 
1950) inferred that fatty acid synthesis from acetate 
occurred in these slices, and that the short-chain 
acids may be intermediate products. Popjak & 
Beeckmans (1949, 1950) have demonstrated the 
synthesis of fatty acids and of cholesterol in the 
mammae of non-lactating pregnant rabbits with the 
aid of deuterium and ‘C-labelled acetate. A parti- 
cularly high radioactivity was found in the glyceride 


fatty acids of the mammae after the injection of the 
labelled acetate. Further work showed that this high 
radioactivity was due to the presence of volatile fatty 
acids of exceptionally high “C content (Popjak, 
Folley & French, 1949; Popjak & Beeckmans, 1950). 
Since the volatile acids contained seven to eighteen 
times more C than the long-chain acids in either the 
mammary gland or the liver, it was concluded that 
the volatile acids are not derived from the de- 
gradation of the long-chain acids, but from the con- 
densation of C, units within the gland. 

In the experiments on pregnant rabbits, the fat 
extracted from the mammae contained volatile 
acids, and to this extent was comparable to milk fat, 
but the extent of its admixture with tissue fat could 
not be ascertained. In continuation of these obser- 
vations it was desirable to obtain adequate quan- 
tities of true milk fat for detailed study over a period 
which allowed the time course of the synthetic 
process to be followed. 

Although the investigation of acetate metabolism 
in the mammary gland has had the effect of linking 
up the problem of milk-fat formation with the wider 
aspects of fat metabolism, in which acetate has a 
central role (see Bloch, 1947, 1948), another aspect 
of acetate metabolism had to be kept in mind in 
planning this experiment. In ruminants, the im- 
portance of acetic acid, formed by fermentation of 
cellulose and other polysaccharides in the rumen, as 
one of the main forms in which carbohydrate food is 
assimilated, has been established by Barcroft and 
his collaborators (see review by Elsden & Phillipson, 
1948). Folley & French (1950) have found species 
differences in the metabolism of mammary gland 
slices, which they interpret as indicating the pre- 
ferential use of acetate rather than glucose for milk- 
fat synthesis in ruminants. Therefore both the 
quantitative and qualitative aspects of acetate 
metabolism have special interest for ruminant 
physiology. The present experiment on a lactating 
goat, apart from giving information on milk fat 
formation, which may or may not be valid for other 
species, afforded also an opportunity to study other 
aspects of acetate metabolism in the ruminant, such 
as the rate of its oxidation. 

A preliminary communication of this work has 
already been given (Popjak, French & Folley, 1950). 


MATERIAL AND METHODS 





A lactating pedigree goat (117 lb., 53 kg.) was the experi- 
mental animal. First the udder was emptied as completely 
as possible by hand-milking after intravenous injection of 
oxytocin, then an isotonic solution of [carboxy-“C] acetate 
was injected into the jugular vein. The total *C dose was 
5 me. contained in 430 mg. of anhydrous sodium acetate. 
The goat was kept under cover in the field during the whole 
of the experiment. 

Collection of respiratory CO,. Immediately after the 
injection, the head of the goat was put into a respiration 
chamber constructed from the ‘astrodome’ (a plastic half- 
sphere) of a bomber aircraft. The ‘astrodome’ was fastened 
airtight to a vertical perspex sheet backed by a wooden 
board with a hole in the centre sufficiently large to take the 
head of the goat. A rubber collar, fastened to the hole, 
fitted snugly around the shaved neck of the goat and was 
secured further to the neck with adhesive tape. A brisk 
stream of air was drawn into the chamber with the pump of 
a milking machine through a soda-lime tower. The respira- 
tory CO, was trapped in 10N-NaOH solution placed in two 
trains of absorbers, each consisting of six bottles in series. 
The two trains were used alternately as the renewal of the 
absorbant required. The respiratory CO, was collected con- 
tinuously for 6 hr. after which the goat was removed from 
the respiration chamber. Representative samples were taken 
15, 30 min., 1, 2, 3, 4, 5 and 6 hr. after the injection and the 
CO, was precipitated as BaCO, for assay of C. 

The goat showed no signs of discomfort whatever, but 
stood placidly with its head in the respiration chamber. 

Collection of milk. The animal was milked by hand hourly 
during the first 8 hr. of the experiment, then 2-hourly during 
the following 6 hr., 3-hourly during the next 12 hr., and 
twice more at 6 hr. intervals during the remaining 12 hr. 
of the experiment. The average yield of milk was 100 ml./hr. 
The assistant who milked the animal wore rubber gloves and 
a gas mask fitted with a soda-lime canister. 

The experiment lasted for 48 hr. when the animal was 
killed by bleeding from the carotid artery under nembutal 
anaesthesia. Blood and viscera were taken for extraction 
of lipids. Blood was drawn also at 6 and 24 hr. after the 
injection of acetate from the jugular vein on the opposite 
side to the one into which the labelled acetate was injected. 
The blood samples were used for the extraction of plasma 
lipids. 

Extraction of lipids and fractionation of fatty acids. The 
milk fat was first separated by centrifuging, after which the 
centrifuge tubes were iced. The fat was then lifted out of the 
tubes as a solid pad. The milk-fat samples were kept re- 
frigerated until extraction, which was completed for all 
twenty-two samples within 48 hr. after the end of the 
experiment. 

The viscera were pulped in a Waring blender and were 
dried from the frozen state in vacuo. The methods of ex- 
traction and fractionation of lipids, except for the separation 
of volatile fatty acids, were those already described (Popjak 
& Beeckmans, 1950). The volatile fatty acids from the milk 
and udder glycerides were obtained after saponification as 
described by Hilditch (1947, p. 467). They were further 
divided into those soluble and insoluble in water at 0°. The 
acids insoluble in water were filtered off and washed on the 
filter paper with iced water. The acids remaining on the 
paper were dissolved in hot ethanol. Both the water soluble 
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and insoluble fractions were neutralized with NaOH and 
were evaporated to dryness on the water bath. The non- 
volatile long-chain acids were separated into solid and liquid 
acids by the lead salt method (Twitchell, 1921). The phospho- 
lipins of milk were not examined. 

Assay of 4C was carried out on the Na salts of fatty acids 
in infinite thickness (>25 mg./sq.cm.) samples as described 
previously (Popjak, 1950). Because of the unexpectedly 
high “C content of many of the fatty acid fractions, the 
samples for assay were prepared on disks of 1 sq.cm. area. 
With the Geiger-Miiller counter used and the particular 
geometrical conditions of assay a substance containing 
1 x 10-? ue. of 4C/mg. gave about 1000 counts/min. in an 
infinitely thick sample of 1 sq.cm. area. All counts were 
corrected for background and for counts lost due to the 
dead-time of the quenching circuit used. 


RESULTS 


Oxidation of acetate 


Fig. 1, curve A, shows the specific activity: time 
curve of the respiratory CO,. The specific activities 
are shown as pe. 4C/mg. carbon. The maximum 


Specific activity (1 x 10yc."*C/mg. C) 





oe 100 200 300 400 


Time after injection (min.) 


Fig. 1. Specific activity : time curves of respiratory CO,, and 
of water-soluble and water-insoluble steam-volatile fatty 
acids of milk after the injection of 5 mc. of “C as 
CH,CO,Na into a lactating goat. A, respiratory CO,; 
B, water-insoluble steam-volatile fatty acids; C, water- 
soluble steam-volatile fatty acids. The horizontal bars 
with the figure beneath indicate the half-life (in min.) of 
the specific activity: time curve of the respiratory CO, 
at different periods of the experiment. 


excretion of acetate carbon as CO, was reached 
15-30 min. after the injection and was followed by 
a steady fall in the specific activity of the CO,. 
Curve A in Fig. 1 is not a simple exponential curve; 
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this is apparent from the fact that it does not decay 
with a constant half-life. The half-life of this curve 
increased from 50 min. during the first hour of the 
experiment to 80 min. during the fifth and sixth 
hours as indicated by the horizontal bars in the 
figure. It seems probable that the initial high specific 
activity of the respiratory CO, was due mainly to the 
oxidation of acetate, but later, as the injected acetate 
became incorporated into other organic substances, 
the oxidation of the latter provided additional radio- 
active CO,. From the initial portion of this curve it 
is estimated that the half-life of body acetate in the 
goat under the conditions of the experiment is not 
more than 50 min., probably less. 

By graphical integration of curve A, Fig. 1, it has 
been calculated that the average specific activity of 
the respiratory CO, was 0-67 ye./mmol. The total 
weight of barium carbonate collected in 6 hr. from 
the respiratory CO, was 1-2 kg., which is just over 
6 g.mol. Thus, assuming that the goat produced 
1 g.mol. of respiratory CO,/hr., 80% of the injected 
acetate was completely oxidized in 6 hr. This is a 
lower value than that reported for rats (87% 
excretion in 4hr.) by Gould, Sinex, Rosenberg, 
Solomon & Hastings (1949). Also the half-life of the 
respiratory CO, in rats was only 25 min. between 
40 and 120 min. after the intraperitoneal injection of 
[carboxy-!4C] acetate (Gould et al. 1949). Thus it 
seems that the rate of oxidation of injected acetate 
in the lactating goat is considerably slower than in 
the rat. This observation might well be related to 
the extremely high degree of utilization of acetate 
for synthetic reactions in our animal, as will appear 
below. Whether this phenomenon applies in general 
to ruminants, or only to lactating ruminants, is 
unknown at present. 

The two interrupted curves, B and C in Fig. 1, 
show for the sake of comparison the specific activity- 
time curves of the steam-volatile fatty acids obtained 
from the milk; these curves are shown with the 
experimental points in greater detail in Fig. 3. 


The sources of glyceride fatty acids and 
cholesterol in milk 

In order to obtain evidence on the question whether 
or not milk fatty acids and cholesterol are derived 
primarily from the plasma lipids or are synthesized 
in significant amounts in the udder, the C contents 
of these substances in the plasma were determined 
and compared with those in the milk. The results 
are shown graphically in Figs. 2 and 3. The “C 
content of the plasma fatty acids differed so greatly 
from that of the milk fatty acids, that the com- 
parison cannot be made on one graph. It should be 
pointed out that the scale of the ordinate in Fig. 2 
is 200 times larger than in Fig. 1 and -100 times larger 
than in Fig. 3. 

The maximum C content of milk cholesterol was 
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reached 12 hr. after the injection of acetate, and was 
followed by a steady decline in spite of the fact that 
the specific activity of plasma cholesterol continued 
to rise. Such a relationship can only mean that milk 
cholesterol is not derived from the blood, but is 
synthesized within the udder from available pre- 
cursors. If milk cholesterol were obtained from the 
blood its specific activity should rise until it reaches 
that of plasma cholesterol and should decline only 
afterwards. The theoretical basis for this type of 
correlation between precursor and product is given 
by Zilversmit, Entenman & Fishler (1943). 





Specific activity (1 x 10~ yc. “C/mg. C) 


0 so 2 © @& ®B 
Time after injection (hr.) 


Fig. 2. Specific activity:time curves of plasma (/\) and 
milk cholesterol (@) and of plasma total fatty acids (©) 
after the injection of 5 mc. of 4C as CH,'*CO,Na into a 
lactating goat. ©, Specific activity of phospholipin; 
©: specific activity of non-phospholipin fatty acids at the 
end of the experiment. 


The rise in “C content of plasma total fatty 
acids became very slow 24 hr. after the injection, 
but continued up to the end of the experiment 
(48 hr.). Since at the time of killing the animal large 
amounts of plasma were available, phospholipin and 
non-phospholipin fatty acids and total fatty acids 
of the plasma were assayed for their “C content. 
Fig. 2 shows that the phospholipin fatty acids con- 
tained more C than the non-phospholipin fatty 
acids and that the specific activity of the total fatty 
acids was about the mean of the two. No conclusion 
can be drawn from the observed difference between 
the phospholipin and non-phospholipin fatty acids. 
It has been pointed out by Phil & Bloch (1950) that 
the non-phospholipin fatty acids in plasma contain 
a large proportion of fatty acids originally present 
in free form and also fatty acids derived from 
cholesteryl esters and that the latter are known to 
consist to a large extent of essential fatty acids. It 
is therefore likely, as in the experiments of Phil & 
Bloch (1950), that the plasma glyceride fatty acids 
contained more !C than the figure for the non- 
phospholipin fatty acids would indicate. 
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The milk fatty acids behaved quite differently 
from the plasma fatty acids (Fig. 3). The steam- 
volatile fatty acids reached their maximum specific 
activity 3 hr. and the non-volatile acids 4 hr. after 
the injection, when they contained several hundred 
times more C than the plasma fatty acids did at 
any time. If the specific activity : time curve of the 
plasma fatty acids were superimposed on the first 
part of the graph shown in Fig. 3 (up to 12 hr. after 
the injection of the labelled acetate), this curve would 
not be above the level of the abscissa by more than 
the thickness of the line. 
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first 6 hr. of the experiment. It has been calculated 
from the graphical integration of the specific activity: 
time curves of the milk fatty acid fractions and from 
the average yield of the four crude fatty acid 
fractions, that during the same 6 hr. 500 ye. of the 
injected acetate appeared as milk fat, i.e. 10 % of the 
total injected dose, or 50 % of the amount of acetate 
retained in the body. 

The specific activity: time curves of all the milk 
fatty acids decayed with a half-life of about 4 hr. 
throughout the experimental period. This indicates 
an extremely rapid rate of synthesis, in all prob- 
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This gross comparison between plasma and milk 
fatty acids indicates clearly that synthesis of fatty 
acids in the udder from small molecules (e.g. acetate 
or some other C, unit) is of outstanding importance 
in the origin of milk fat. 

The magnitude of acetate utilization for milk-fat 
synthesis can be best judged from the following 
consideration. It has already been mentioned that 
of the injected 5 mc. of @C as acetate, 80%, i.e. 
4 mc., appeared in the respiratory CO, during the 


3. Specific activity :time curves of four crude fatty acid fractions of goat milk after the injection of 5 me. of “C 
as CH,“CO,Na. © —--— ©, Water-soluble steam-volatile fatty acids; /\ 
; @----- @, solid, non-volatile, fatty acids; A——A, liquid, non-volatile, fatty acids. 


A\, water-insoluble steam-volatile fatty 





ability equal to the rate of secretion of fatty acids 
in the milk. 

Another important point emerges from the re- 
lationship between the specific activity : time curves 
of the short-chain volatile acids and those of the 
non-volatile (solid and liquid) acids. At the time of 
their maxima the former contained several times 
more “C than the latter, and therefore it must be 
concluded that the short-chain acids have originated 
by synthesis from acetate (or an active derivative of 
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it) and not by degradation of oleo-glycerides, thus 
confirming the previously quoted results obtained 
on non-lactating pregnant rabbits (Popjak et al. 
1949; Popjak & Beeckmans, 1950). 

In Table 1 are recorded the specific activities of 
the fatty acids and cholesterol obtained from the 
liver, udder and milk of the animal at the end of the 
experiment. It should be made clear that such 
comparisons, especially between the liver and udder, 
may have very little significance because the com- 
position of the fatty acids is totally different in the 
two organs. 


Table 1. 14C Content of fatty acids and cholesterol in 
liver, udder and milk of goat 48 hr. after the injection 
of 5 me. 4C as CH;4*CO,Na 
(#4C content expressed as 1 x 10~* we./mg. substance.) 

Liver Udder Milk 


Glyceride fatty acids 
Steam-volatile os 


Water-soluble — 1-37 0-31 
Water-insoluble — 2-93 0-70 
Non-volatile — -- a= 
Solid 0-36 3-77 1-94 
Liquid 0-48 1-32 0-68 
Phospholipin fatty acids 
Solid 2-27 2-04 - 
Liquid 0-94 0-52 — 
Cholesterol 3-62 2-80 2-80 


Even the fact that the glyceride fatty acid 
fractions in the udder contained more 4C than in 
the liver cannot be interpreted as signifying a greater 
utilization of acetate for fatty acid synthesis in the 
former than in the iatter organ (although this is very 
probable), because these values represent only single 
points on a time curve. The higher specific activities 
of the udder fatty acids as compared with those of 
the milk might be attributed to a retention of fat from 
earlier periods of the experiment in some parts of the 
gland which are not completely emptied by milking. 


DISCUSSION 


In the interpretation of the results described it has 
to be borne in mind that the four fatty acid fractions 
were not homogeneous. The steam-volatile acids 
soluble in water, for example, contain acids from 
C, to C, and those insoluble in water from C, to Cy». 
(and even traces of C,, and C,,) chain length. 
Particular caution must be exercised in the case of 
the non-volatile saturated and unsaturated acids as 
separated by the lead-salt method. This technique 
is fairly efficient when the separation of saturated 
and unsaturated acids of C,, or longer chain-length 
is desired. In the fat of goat milk, however, appre- 
ciable amounts of dodecanoic (lauric) and tetra- 
decanoic (myristic) acids are present, the lead salts 
of which are fairly soluble, and therefore a significant 
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portion of these acids appears in the unsaturated 
fraction (cf. Hilditch, 1947, p. 488). It is therefore 
quite possible that the crude fatty acid fractions 
contain individual acids perhaps of widely different 
isotope content, the knowledge of which is essential 
for the complete interpretation of our findings. 

In particular, the fact that the non-volatile acids 
are synthesized to a considerable extent in the 
mammary gland, as shown by their C content, 
raises the question whether the shorter-chain acids 
are intermediate products of the condensation of C, 
units, which, by the process of rapid secretion into 
the milk, have escaped further elongation. In this 
connexion it may be noted that the differences in 
height of the specific activity : time curves of the four 
fatty acid fractions do not bear a simple relationship 
to the average chain-length of their components. 
These curves all decay with the same half-life (about 
4 hr.) in spite of the inhomogeneity of the fractions 
and their different specific activities. It seems pro- 
bable that these relationships reflect the biochemical 
mechanisms of synthesis and it is hoped that the 
isotope content of the pure acids, which will be 
published in a separate paper, will throw light on this 
question. It can be stated already, however, that 
pure oleic acid as obtained from the milk had a 
relatively low isotope content, so that it could not 
have been the main source of the shorter-chain acids. 

The uptake of blood fat by the udder as shown by 
the measurement of arterio-venous differences (see 
Folley, 1949) may be related in two ways to the 
synthetic process demonstrated in this experiment. 
In the first place the transfer of pre-formed fatty 
acids of low isotope content from blood to milk may 
account, at least partly, for the different specific 
activities of the milk-fat fractions. Secondly, it must 
be emphasized that the results do not warrant the 
assumption that all the acetate used for milk-fat 
synthesis is derived as such from the blood. The 
acetate from which the udder synthesizes fatty acids 
may have a dual origin: (a) exogenous, obtained 
from the rumen via the blood (McClymont, 1949) 
and (b) endogenous, from the breakdown of higher 
fatty acids absorbed from the blood. The acetate 
from these two sources could not be distinguished 
in our experiment. 

The dynamic equilibrium of cell constituents, 
maintained by the balance between synthesis and 
breakdown, is now well established for internal 
organs on the basis of isotope experiments. This type 
of endogenous metabolism probably applies to the 
mammary gland also, but in a form modified to allow 
for the rapid secretion of the synthetic products. The 
extent to which breakdown occurs in the udder is at 
present quite uncertain; but as far as the formation 
of milk fat is concerned it seems clear that it results 
from the endogenous metabolism of the mammary 
cells to a greater extent than was formerly supposed. 
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SUMMARY 





1. The oxidation of acetate and its utilization for 
the synthesis of milk fatty acids in a lactating goat 
has been investigated with the aid of [carbory-4C] 
acetate. 

2. The half-life of body acetate in the lactating 
goat is not more than 50 min. 

3. Acetate is rapidly utilized for the synthesis of 
milk fatty acids; the specific activity : time curves of 
these, after the maxima had been attained 3-4 hr. 
after the injection, decayed with a half-life of about 
4 hr. 

4. The plasma fatty acids contained much less 
MC than the milk fatty acids and could not have been 
directly an important source of the latter. 
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5. The steam-volatile fatty acids had a higher 
specific activity than the long-chain non-volatile 
acids indicating their independent synthesis. The 
hypothesis that the volatile fatty acids of milk 
originate from the degradation of long-chain acids 
(particularly of oleic) could not be confirmed. They 
may represent intermediates in the formation of 
long-chain acids. 

6. Milk cholesterol is synthesized in the udder and 
not derived from blood cholesterol. 


Our thanks are due to Mr 8. C. Watson for the design and 
construction of the respiration chamber and for his generous 
assistance during the experiment even at night time, to 
Dr A. T. Cowie for taking the blood samples and dissecting 
the animal and to Misses M. Beard and P. Taylor for milking 
and taking care of the goat. 
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The Amylase of Clostridium butyricum 


By W. J. WHELAN anp H. NASR 
Department of Chemistry, University College of North Wales, Bangor and Rowett Research Institute, 
Bucksburn, Aberdeenshire 


(Received 22 June 1950) 


Baker & Nasr (1947) demonstrated by microscopical 
observation that the breakdown of raw potato 
starch in the caecum of the pig is caused by large 
iodophile sporing rods exercising their action in situ 
upon the surface of the starch granules. The micro- 
organism was subsequently isolated in pure culture 
and identified as a strain of Clostridium butyricum 
(Baker, Nasr & Morrice, 1948). The pure culture was 
able to break down raw potato starch granules in 
vitro, the morphological and histochemical features 
of the process being similar to those observed in 


granules present in the caecal contents of pigs fed on 
potato starch diets. Evidence was presented (Nasr 
& Baker, 1949) which indicated that the extra- 
cellular decomposition of starch and other carbo- 
hydrates was accompanied by an intracellular syn- 
thesis of iodine-staining polysaccharide operated by 
a phosphorylating mechanism. The presence of 
amylase was demonstrated in cell-free culture 
filtrates when the organism was grown on starch. 
The isolation of this amylase in a stable solid state 
and an examination of its properties form the subject 
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of the work to be described. Some observations have 
also been made on the secretion of maltase by the 
organism. 


METHODS 


Estimation of reducing sugars. The reagent of Shaffer & 
Hartmann (1921) was used. It was found to be unnecessary 
to deproteinize solutions before using this reagent, but in 
later (unreported) experiments with the Somogyi (1945) 
reagent this step was found to be essential. When acid 
buffers were contained in the digest a predetermined volume 
of n-NaOH, sufficient to bring the pH of the digest portion 
used in the estimation to 7-8, was added to the digest- 
reagent mixture before heating. Otherwise the procedure 
was identical with that prescribed by Shaffer & Hartmann. 

Measurement of blue value. The blue value of a polysac- 
charide is defined as the reading on the logarithmic scale of 
a Spekker photoelectric absorptiometer when the absorption 
of light (relative to water) by a solution of a polysaccharide- 
I, complex contained in a 4 cm. cell and having the com- 
position, 1 mg. polysaccharide, 2 mg. I,, 20 mg. KI, 2 drops 
6x-HCI/100 ml., is measured, using Ilford gelatin light 
filters transmitting light of wavelength 680 my. (no. 608) 
(see Bourne, Haworth, Macey & Peat, 1948). 

Measurement of absorption value. The expression absorp- 
tion value (A.v.) describes a measurement made as above in 
the determination of blue value, but with the difference that 
the filter wavelength and the polysaccharide concentration 
are not defined and may vary as, for example, in measure- 
ment of the light absorption of a polysaccharide-I, complex 
in the region 430-680 muy. or in measurements of A.V. using 
a volume of polysaccharide solution which originally con- 
tained the amount required for blue value determination 
but in which, because of enzymic degradation, the poly- 
saccharide concentration can no longer be specified. 

Fractionation of potato starch. Amylose was obtained by 
the fractionation of unmodified potato starch using the 
Al(OH), method of Bourne, Donnison, Peat & Whelan 
(1949). 

Measurement of «-amylase activity. The method used was 
devised by Dr P. N. Hobson (Hobson, 1950), to whom we are 
indebted for permission to publish the details. The amylase 
solution (3 ml.) was heated to 35° and added to a mixture of 
soluble (Analar) starch solution (0-6%; 25 ml.) and 0-5m- 
citrate buffer (3 ml.; pH 6-0), also at 35°. After 30 min. a 
portion was withdrawn and added to Somogyi (1945) 
reagent for measurement of reducing power. Provided that 
the total amount of reducing substance liberated by the 
enzyme does not exceed the equivalent of 27 mg. of maltose 
the reducing power is directly proportional to the enzyme 
concentration. 


RESULTS 
Preparation of cell-free filtrates 


Cultures were grown at 37° in a medium having the 
composition shown in Table 1. Subcultures were 
then made into a similar medium in which sucrose 
was replaced by 5:0% (w/v) of soluble (Analar) 
starch, and incubated for 16 days. After a pre- 
liminary filtration using filter paper, cell-free filtrates 
were obtained by passage through a Seitz filter. 
Sterility of the filtrate was proved by incubation for 
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7 days in Robertson’s meat broth, in which no 
growth occurred. 


Table 1. Composition of culture medium 


Sucrose 10-0 g. 
Peptone 10-0 g. 
Precipitated calcium carbonate 6-0 g. 
Magnesium sulphate (MgSO,.7H,O) 0-1 g. 
Sodium phosphate (Na,HPO,.12H,0) 0-1 g. 
Yeast extract, biotin or p-aminobenzoic acid 0-1 g. 
Tap water 200 ml. 


During the development of the above method the 
following observations were made: (1) The growth 
of the micro-organisms in pure culture and the 
amylase activity of the cell-free filtrates were in- 
creased by the incorporation in the medium of small 
quantities of either yeast extract, biotin or p-amino- 
benzoic acid. (2) Other conditions being the same, 
the filtrates displayed maximum amylase activity 
when the starch-containing cultures were incubated 
for 16 days. Thereafter the amylase activity slowly 
diminished. Activity was assessed qualitatively by 
observing the rate of change of iodine stain of starch 
when incubated with the filtrate, excess of iodine 
being added. The large iodine uptake of the filtrate 
precluded the quantitative measurement of amylase 
activity by an iodine-staining or copper-reduction 
method. (3) The amylase activities of purified 
freeze-dried enzyme preparations isolated from cul- 
tures grown on 0-1 and 5-0% starch were, re- 
spectively, in the ratio 1:120 (measured quantita- 
tively by the copper-reduction method). 


Preparation of freeze-dried amylase 


Preliminary observations. To a portion of cell-free 
filtrate (50 ml.) was added ammonium sulphate 
solution (47 g./100 ml.; pH 6-5) with stirring. The 
solution became turbid at a concentration of 
25 g./100 ml. and a precipitate formed and was 
removed at a concentration of 29 g./100 ml. Further 
precipitation occurred at higher concentrations of 
ammonium sulphate and four fractions in all were 
separated. Each was washed twice with ammonium 
sulphate solution, of the same concentration as the 
solution from which the fraction had been pre- 
cipitated, and then redissolved in water (10 ml.), 
solution of the first precipitate being accompanied 
by vigorous frothing. Each of these solutions, as 
well as the supernatant liquid remaining after re- 
moval of the fractions, was tested qualitatively for 
(a) amylase activity by incubation with amylose 
solution at pH 4-8 and observation of the rate of 
change of iodine stain, (6) phosphorylase activity by 
incubation with glucose-1-phosphate in citrate buffer 
(pH 6-0), testing for liberated phosphate with the 
reagents of Allen (1940), and (c) iodine uptake. 
Results of these tests showed that (a) the amylase 
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activity was largely concentrated in the fraction 
precipitating at 29 g./100 ml. ofammonium sulphate, 
(b) phosphorylase activity was absent, (c) the iodine 
uptake was minimal in the amylase-containing 
fraction and was unlikely to interfere with quan- 
titative measurements. Moreover, the yellow-brown 
colour of the cell-free filtrate was not carried down 
by the first fraction (containing the amylase), which 
was white; the latter fractions were heavily pig- 
mented. 

Partial separation of the enzyme. To the ice-cold 
cell-free filtrate was added ice-cold ammonium sul- 
phate solution (pH 6-5) to a concentration of 
29 g./100 ml. The precipitate (A), after being kept 
for 1 hr., was separated on the centrifuge. It was 
washed twice with ammonium sulphate solution 
(29 g./100 ml.), dissolved in the minimum quantity 
of water, transferred to a 1 1. flask and freeze-dried 
at 0-1 mm. pressure using an acetone-solid carbon 
dioxide mixture in the cold finger. The average yield 
was 280 mg./100 ml. of cell-free filtrate. A further 
precipitate (B) always settled from the supernatant 
liquid on being kept for 24 hr. In one experiment 
this was collected and treated as above. The 
ammonium sulphate concentration was then raised 
to 41 g./100 ml. and another precipitate (C) was 
collected and freeze-dried. The total amylase 
activities of the three precipitates A, B and C were 
in the ratio 6-55:1-0: 2-5; expressed as activity per 
unit weight of freeze-dried material they were in the 
ratio 9-8 : 6-45: 1-0. 

Throughout this work fraction A has been used. 
The activity of one such preparation was only 
slightly diminished on storing in the refrigerator for 
over a year. 


Optimum pH and temperature of action of the enzyme 


The optimum pH of the enzyme lies between 5-3 
and 5-5 (Fig. 1), and its optimum temperature of 
action under the conditions employed is in the region 
46—48° (Fig. 2). As is commonly observed, the 
apparent optimum temperature varies inversely 
with the period of action of the enzyme. A pH of 4-8 
and a temperature of action of 35-4° were chosen in 
subsequent experiments. 

An A.v. (680 my.)/time curve plotted from the 
data of Fig. 3 reveals that the rate of change of A.v. 
decreases continuously when the 4A.v. is less than 
40% of its original value. Some of the changes 
recorded in Figs. 1 and 2 exceeded this value, and 
therefore the data do not represent with strict 
accuracy the relative activities of the enzyme at the 
various values of pH and temperature. Nevertheless, 
the data do indicate the true pH and temperature 
optima of action. Proof of this lies in the fact that 
by means of Fig. 6, in which the relationship between 
the changes in A.v. (680 my.) and reducing power of 
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amylose is depicted, the values of a.v. in Figs. 1 and 2 
may be converted into terms of reducing power. The 
rate of change of reducing power is constant from 
the outset of the reaction until a point considerably 
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Fig. 1. Effect of pH on amyiase activity. Amylose solution 
(5 ml.; 0-2%, w/v), universal buffer (sodium veronal, 
sodium acetate, H,SO,; 4-5 ml.), enzyme solution (0:5 ml.; 
0-1%, w/v). Amylose-buffer mixture heated to 35-4° 
before adding enzyme. 1 ml. portions (=1 mg. amylose} 
removed at 20 (©) and 35 min. ( x ) for determination of 
absorption value (680 my.). (For definition of absorption 
value, see text.) 
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Fig. 2. Effect of temperature of amylase activity. Digest 
concentrations as in determination of optimum pH; 
veronal buffer (pH 4:79) used throughout. Amylose- 
buffer mixture maintained at desired temperature before 
adding enzyme. Incubation periods: 20 min. (©); 
35 min. ( x). 


beyond the achroic stage (Fig. 5), and therefore the 
curves obtained from the new data will accurately 
represent the relative enzyme activities. Such curves 
have been. plotted, and although they differ to a 
small extent from Figs. 1 and 2 the same pH and 
temperature optima are indicated. 
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Comparison of the bacterial enzyme with 
salivary «-amylase 


Degradation of amylose by the bacterial amylase. 
Amylose solution (50 ml.; 0-2 %, w/v), 0-2m-sodium 
acetate buffer (30 ml.; pH 4-8) and enzyme solution 
(20 ml.; 0-4%, w/v) were together incubated under 
a layer of toluene at 35-4°, at which temperature the 
separate constituents had been maintained before 
mixing, the enzyme being added last. At intervals 
1 ml. portions of the digest (=1 mg. amylose) were 
added to iodine solution for determination of A.v. 
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Fig. 3. Hydrolysis of amylose by bacterial amylase. Light 
absorption curves cf iodine-stained degradation products. 


(430-680 my.) (Fig. 3), and 5ml. portions were 
added to Shaffer-Hartmann reagent (5 ml.) for deter- 
mination of reducing power. Smaller digest portions 
(ve ml.+(5—2) ml. water) were used when the 
apparent maltose exceeded 2 mg./5 ml. Both iodine 
and the copper reagent immediately arrest the 
enzyme action. Withdrawals for A.v. and reducing 
power measurements were made alternately at noted 
times, and from a progress curve of increase in 
reducing power with time the reducing powers corre- 
sponding to the respective absorption values were 
interpolated and are used in Fig. 6. A correction was 
made for the small reducing power associated with 
the enzyme (5 mg. = 0-35 mg. maltose) and all values 
of reducing power are expressed in terms of the 
amount of maltose theoretically obtainable. Measure- 
ments of A.v. were discontinued when the digest 
became achroic. After 45 hr. incubation the enzyme 
was found to be inactive, and a portion of the digest 
(20 ml.) was transferred to another flask to which 
was added fresh enzyme solution (5 ml.; 0-4%). A 
similar renewal of enzyme was made at 100 hr. from 
the commencement of the experiment, 9-35 ml. of 
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the second digest being mixed with fresh enzyme 
solution (5 ml.; 0-4%) and incubated for a further 
62 hr. From 32 to 162 hr. the reducing power re- 
mained virtually constant (Fig. 5). No increase in 
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Fig. 4. Hydrolysis of amylose by salivary amylase. Light 
absorption curves of iodine-stained degradation products. 
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Fig. 5. Reducing power/time curves for bacterial amylase 
acting on potato amylose (-©-) and potato starch (-4-), 
and for salivary amylase acting on potato amylose (— x -). 
Fresh enzyme added (+). Because of the small scale of 
the graph, measurements of reducing power taken before 
100 min. of incubation have been omitted. These values 
are, however, incorporated in Fig. 6. 


reducing power occurred over a period of 24 hr. when 
enzyme solution (1 ml.; 0-4%) was incubated with 
maltose solution (10 ml.; 0-2%, w/v) at 35-4°. The 
enzyme preparation was therefore free from maltase. 

Degradation of amylose by salivary amylase. Early 
morning saliva was collected and diluted with an 
equal volume of water and the precipitated mucins 
were removed on the centrifuge. Of this solution 
8 ml. were diluted to 60 ml. with water and heated 


27-2 
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to 35-4°, 30 ml. then being added to a mixture of 
amylose solution (40 ml.; 0-25 %) and 0-2m-sodium 
acetate buffer (30 ml.; pH 4-8) maintained at the 
same temperature (final amylose concentration, 
1 mg./ml.). The progress of the reaction was followed 
exactly as in the previous paragraph ; the results are 
recorded in Figs. 4-6. A correction was again applied 
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Fig. 6. Relationship between absorption value (680 mu.) 
(expressed as percentage of the original) and percent- 
age apparent conversion to maltose for amylose (blue 
value 1-21) degraded by bacterial (©) and salivary ( x ) 
amylases. 


for the reducing power of the diluted (60 ml.) amylase 
solution (5 ml.=0-45 mg. maltose). Maltase was 
found to be present when the usual test was applied. 
The reducing power of the test solution increased to 
106 % of its initial value in 24 hr. 


Maltase secretion 


When the organism was cultured on a starch-: 


containing medium amylase, but not maltase, was 
secreted. In an attempt to discover whether the 
organism could secrete maltase it was cultured as 
above in two media containing (a) 5% starch+5% 
maltose and (b) 5% maltose respectively. From 
the cell-free filtrates precipitates were isolated by 
addition of ammonium sulphate solution to a con- 
centration of 40 g./100 ml. The precipitates were 
washed with ammonium sulphate solution and 
freeze-dried as above. The two preparations were 
found to contain maltase in approximately equal 
amounts. The amylase activity of the precipitate 
from (a) was comparable with that of the standard 
preparation, but only a trace of amylase was present 
in the precipitate from (6) ; on incubation with starch 
the iodine stain persisted for several days. Under 
similar conditions the preparation from the starch- 
containing medium rendered the starch achroic 
within an hour. 
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DISCUSSION 


Previous workers have studied two types of bacterial 
amylase. The first, the amylase of Bacillus macerans, 
is possessed of a synthetic as well as a degradative 
function in that it produces cyclic six- and seven- 
membered rings of glucose units (Schardinger 
dextrins) from starch, the amylose component giving 
the greater yield (cf. Kerr, 1942). The second type 
of bacterial amylase has been described by Hopkins 
& Kulka (1942) and Hopkins, Dolby & Stopher 
(1942) from B. subtilis, and by Hockenhull & Herbert 
(1945) from Clostridium acetobutylicum. The former 
enzyme has been crystallized by Meyer, Fuld & 
Bernfeld (1947). Initssaccharifying and dextrinizing 
action on starch it appears to be similar to pan- 
creatic, salivary and malt «-amylases (Bernfeld & 
Fuld, 1948), but the nature of the end products 
produced by the crystalline enzyme has not been 
reported. Hopkins and co-workers showed that the 
B. subtilis enzyme was an «-amylase and was similar 
to malt «-amylase in particular, in that both en- 
zymes rapidly hydrolysed starch until 40 % apparent 
maltose was liberated. Thereafter the rate of hydro- 
lysis was very much slower, the malt enzymes 
reaching a higher conversion limit (93%) than the 
bacterial enzyme (75-80%). Both enzymes were 
free from maltase. Hockenhull & Herbert (1945) were 
not able to obtain a maltase-free enzyme prepara- 
tion, but did show that the Cl. acetobutylicum 
amylase was of the «-type and that the purified 
enzyme hydrolysed starch rapidly at first, the rate 
decreasing when 70% apparent maltose had been 
liberated. The upper limit of hydrolysis was con- 
ditioned by the maltase present, conversions of con- 
siderably greater than 100 % apparent maltose being 
observed. On the basis of a 100% conversion of 
starch to glucose by the maltase-containing enzyme 
these workers concluded that the amylase was ‘of 
the apparently rather rare type which converts 
starch completely to maltose, with no other stable 
by-products’. To ascribe this function to the enzyme 
renders it unique rather than rare. There is no other 
amylase which behaves in this way. 

It is generally agreed that the action of «-amylases 
on starch is to hydrolyse the molecules to short 
dextrins containing about six to nine glucose units, 
which are then attacked, in some cases much more 
slowly, yielding maltose and dextrins containing an 
isomaltose residue in which two glucose units are 
joined by an a-1:6-glucosidic link; these dextrins 
arise from the amylopectin component of starch. 
Because of the random mode of action of the «- 
amylase this residue is not situated in the same 
position in every dextrin molecule, with the result 
that a whole range of these short, branched dextrins 
is found. Myrbiick (1948), in a review of amylase 
action, has discussed the nature of these branched 
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dextrins. It is certain that «-amylase does not 
hydrolyse the «-1:6-linkage (Myrbick, 1948; Bourne 
et al. 1948). Therefore the amylase preparation of 
Hockenhull & Herbert (1945) must, in addition to 
maltase, have contained an enzyme capable of 
hydrolysing the branch link in order that 100 % con- 
version of starch to glucose should be observed. Such 
an enzyme has recently been isolated from the broad 
bean and the potato by Hobson, Whelan & Peat 
(1950). 

It was felt that the study of the action of the Cl. 
butyricum enzyme would be simplified by the use of 
amylose instead of starch as substrate. The number 
of 1:6-links would then be minimal. The actions of 
the Cl. butyricum enzyme and salivary «-amylase on 
pure potato amylose were compared. The patterns 
of the light absorption curves of the iodine-stained 
degradation products liberated by the two enzymes 
are closely similar (Figs. 3 and 4). The changes in 
colour of the iodine stain in both cases were from 
blue through purple and red to the achroic stage. 
There is no doubt that in this respect the bacterial 
amylase is of the «-type. The patterns are closely 
similar to that of acid hydrolysis of amylose 
(Swanson, 1948) and are quite distinct from the 
pattern of B-amylase action during which, when the 
experiment is performed in a similar manner, the 
wavelength of peak absorption remains unaltered 
(Swanson, 1948; see, however, Bourne & Whelan, 
1950). When, however, the reducing powers de- 
veloped by the salivary and bacterial amylases are 
compared (Fig. 5), a marked difference is apparent. 
That of the salivary enzyme was complicated by the 
presence of maltase, the apparent conversion to 
maltose being at least 120%. Maltase-free saliva 
brings about an almost quantitative conversion of 
amylose to maltose (unpublished observations). The 
final reducing power developed by the bacterial 
enzyme was 65-5 % apparent maltose, and this value 
was maintained over a considerable period, despite 
the addition of further quantities of enzyme. The end 
product of the action of Clostridium amylase on 
amylose is not therefore the same as that of salivary 
amylase. That the difference in action of the two 
enzymes is apparent from the outset of the reaction 
can be seen from the relationships between A.v. 
(680 my.) of the iodine-stained degradation pro- 
ducts and the reducing power developed (Fig. 6). At 
equal percentage decreases of A.v. (680 my.) the 
reducing power developed by the bacterial enzyme 
is lower than that developed by salivary «-amylase. 
The maltase present in the latter preparations cannot 
account for this difference. Of the several possi- 
bilities that present themselves the most logical ex- 
planation of these differences would appear to be 
that the initial products of the action of the bacterial 
amylase, although achroic, are of higher molecular 
weight than the dextrins produced by salivary 
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amylase. The end products produced by the Clostri- 
dium enzyme must also be of greater average chain 
length than maltose, the end product of salivary 
amylase action. Thus the reducing power developed 
by the former enzyme will be relatively smaller 
throughout the reaction. In a later publication it 
is hoped to define the nature of these unknown end 
products. They have been isolated on a relatively 
large scale and have partially crystallized. Pre- 
liminary observations indicate that the major con- 
stituents are maltose and maltotriose in the molar 
ratio 2:1. There is no glucose present. Crystalline 
B-amylase attacks the mixture very slowly. It is 
completely fermented by baker’s yeast. 

In order directly to compare the Cl. butyricum 
amylase with the bacterial enzymes of other workers 
who had used starch as the substrate, the former 
enzyme was incubated with whole potato starch. 
The hydrolysis was rapid and the reducing power 
reached a constant value of 66-5 % apparent maltose 
(Fig. 5). This value was closely similar to that found 
when amylose was the substrate, i.e. 65-5%. The 
enzyme is therefore distinct from the B. subtilis 
amylase of Hopkins e¢ al. (1942); the rate of hydro- 
lysis of starch by this enzyme became exceedingly 
slow after approx. 40% apparent maltose had been 
liberated. There would appear, however, to be some 
similarity between our enzyme and that from Cl. 
acetobutylicum (Hockenhull & Herbert, 1945), which, 
when purified, hydrolysed starch to 70% apparent 
maltose, and thereafter more slowly. From the fact 
that maltase appeared to hydrolyse completely the 
product of amylase action it cannot be argued that 
maltose, and not some higher oligosaccharide, was 
the only product, because Sugihara & Wolfrom 
(1949) have shown that maltase will attack the 
trisaccharide maltotriose. 

Despite this apparent similarity between the 
amylases of Cl. acetobutylicum and Cl. butyricum 
there is a curious difference between the maltase 
secretion of the two organisms. When the former 
organism was grown on starch both amylase and 
maltase were secreted; grown on maltose, only 
maltase appeared (Hockenhull & Herbert, 1945). 
When Cl. butyricum is grown on starch only amylase 
is secreted; there is no maltase. Maltase does, how- 
ever, appear together with amylase when the culture 
medium contains both starch and maltose and in 
similarity to the Cl. acetobutylicum organism, maltase 
with (in our experiments) a small trace of amylase is 
found when Cl. butyricum is grown on maltose. The 
maltase may be isolated and preserved as a stable 
freeze-dried solid. 


SUMMARY 
1. From cell-free culture filtrates of Clostri- 


dium butyricum a starch-degrading enzyme pre- 
paration has been isolated in the form of a stable 
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freeze-dried powder. Its properties have been ex- 
amined. 

2. The enzyme belongs to the group of «-amylases, 
but differs from either salivary or malt «-amylase in 
that its action on potato amylose and starch ceases 
abruptly when 65-5 and 66-5% apparent maltose 
respectively have been liberated. 
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3. Some observations on the maltase secretion of 
the organism have been made. 


The authors wish to express their thanks to Prof. 8. Peat, 
F.R.S., for his advice and encouragement and to MrF. Baker 
whose pioneer researches in this field made possible this 
investigation. 
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The Relationship Between the Constitution and the 
Effect of Chemical Compounds on Plant Growth 


3. CHLORINATED BENZALDEHYDES AND BENZOIC ACIDS 


By R. L. JONES, T. P. METCALFE anv W. A. SEXTON 
Imperial Chemical Industries Limited, Dyestuffs Division, Research Laboratories, 
Blackley, Manchester 


(Received 30 September 1950) 


In the course of a systematic investigation of the 
phytotoxic properties of different chemical types, 
we have turned our attention to aromatic aldehydes 
and ketones and some of the carboxylic acids corre- 
sponding thereto. Interest in aldehydes and ketones 
was stimulated by the finding of Gray & Bonner 
(19484, b) that leaves of the shrub Encelia farinosa 
contained 2-methoxy-5-acetylbenzaldehyde and that 
this is toxic to tomato seedlings at concentrations as 
low as 50 p.p.m. This compound, containing both 
aldehyde and ketone groups, was synthesized by 
Mr N. Greenhalgh in these laboratories and tested 
against germinating rape and wheat using our stan- 
dard technique. It was very toxic to both species 
at 50 p.p.m., less so at 10 p.p.m. and showed no 
selective effect. The examination of a number of 
simplesubstituted benzaldehydes and acetophenones 
suggested that the former grouping was perhaps of 


greater interest, and since the aldehydes are more 
readily accessible than the ketones, our investigation 
has been concentrated upon the aldehydes. At the 
same time the corresponding carboxylic acids were 
examined, since although auxin-like activity is 
generally considered to demand some type of bridge 
linking the carboxylic acid group to the aromatic 
nucleus, several substituted benzoic acids show 
marked formative effects when applied to plants 
(Zimmerman & Hitchcock, 1941). 


METHODS 


Preparation of compounds. Nearly all the compounds used 
in this investigation are known ones, and many were already 
available in these laboratories. Attention is called, however, 
to the compounds substituted in the 2:3:4- and 2:3:6- 
positions (aldehydes, and acids) since the literature contains 
serious errors. The preparation and characterization of these 
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compounds will be described in full elsewhere, but in order 
that the actual substances used may be defined, the following 
physical constants are mentioned here. 


m.p. 
(°) 
2:3:4-Trichlorobenzaldehyde 86 
2:3:4-Trichlorobenzoic acid 188 
2:3:6-Trichlorobenzaldehyde 87 
2:3:6-Trichlorobenzoic acid 124-126 
2:3:6-Trichlorobenzyl alcohol 70-73 
2:3:6-Trichlorobenzylamine 43-44 


Biological testing. The technique, using rape and wheat 
seeds germinating on agar, is described in detail in the first 
paper of this series (Jones, Metcalfe & Sexton, 1949). In the 
tables which follow, two plus signs indicate the highest 
measure of activity (at least 50% reduction of root length 
in more than half the seeds, the control seeds being grown 
on agar alone). 


RESULTS 


Table 1 gives the results with miscellaneous aromatic 
aldehydes and ketones, excluding the chlorinated 
compounds which are considered together in later 
tables. 


Table 1. Activity of miscellaneous aromatic 
aldehydes and ketones against germinating 
rape and wheat 


Concen- 
tration 
Compound (p.p.m.) Rape Wheat 
Benzaldehyde 50 ++ = 
10 + 
1 a 
p-Fluorobenzaldehyde 50 ++ + 
10 ~ ~ 
p-Chlorobenzaldehyde 50 ++ ~ 
10 + : 
m-Aminobenzaldehyde 50 ~ ~ 
o-Anisaldehyde 50 ++ = 
10 - 
2:3-Dimethoxy benzaldehyde 50 ++ + 
10 + 
3:4:5-Trimethoxy benzaldehyde 50 - - 
a-Naphthaldehyde 50 ++ + 
10 ++ - 
1 bob . 
B-Naphthaldehyde 50 ++ + 
10 - - 
Acetophenone 50 - - 
p-Fluoroacetophenone 50 - - 
p-Bromacetophenone 50 aa 
4-Chloro-2-methyl-acetophenone 50 + - 
a-Acetonaphthone 100 - + 
B-Acetonaphthone 10 ++ o 
1 ++ 


From the known effects of chlorination in raising 
the herbicidal activity in the phenoxyacetic acid 
series, it was decided to examine the effect of 
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chlorination in the aldehydes. Early results showed 
large differences in the activities of the first few 
compounds examined and it was therefore necessary 
to test all the possible isomers. The results are given 
in Table 2. 


Table 2. Activity of chlorinated benzaldehydes 
against germinating rape and wheat 


Concen- 
tration 
Isomer (p.p.m.) Rape Wheat 
Unsubstituted 50 oe - 
10 + + 
1 - : 
Monochlorobenz- 2 50 ++ - 
aldehydes 10 + + 
1 + 
3 50 ++ + 
10 ++ + + 
1 = 
+ 50 ++ + 
10 he wx 
Dichlorobenz- 2:3 50 ++ ee ce 
aldehydes 10 gg " 
1 + 
2:4 10 ++ i 
1 - 4 
2:5 50 + ++ 
10 ++ + 
1 + . 
2:6 10 ++ ++ 
1 + ’ 
3:4 50 ~ ++ 
10 ++ + 
1 + 
3:5 50 ++ “ 
1 + x 
Trichlorobenz- 2:3:4 10 + + it 
aldehydes 1 bce s 
2:3:5 10 ++ + 
1 - * 
2:3:6 10 ++ eer? 
l ilk = 
2:4:5 10 + + + 
1 x 
2:4:6 50 ++ + 
10 ~ - 
3:4:5 10 ++ Es 
1 ” 


The chlorinated benzoic acids were next tested. 
For convenience of comparison the results are set out 
side by side with those of the aldehydes, in Table 3. 
Only the results with rape are given since wheat is 
less susceptible. Of the compounds showing marked 
activity at 1 p.p.m., 2:3:6-trichlorobenzaldehyde 
was found the most potent when experiments were 
made at greater dilutions. Further results on the 
2:3:6-substituted compounds are given in Table 4. 
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These were obtained by our colleague Dr W. G. 
Templeman at Jealotts Hill Research Station, and 
they include results with 4-chloro-2-methylphenoxy- 
acetic acid (‘methoxone’), one of the most active of 
the known inhibitors of rape growth (Templeman & 





Table 3. Comparison of activities of chlorinated 
benzaldehydes and benzoic acids as inhibitors of 
germinating rape 


Aldehyde Acid 
eee 

Isomer 10p.pm. IlIppm. 10p.pm. 1p.p.m. 
2:3 ++ + ++ ++ 
2:4 ++ - - - 
2:5 ++ - ++ ~ 
2:6 ++ a + - 
3:4 ++ + ++ + 
3:5 + _ + = 
2:3:4 ++ ++ oe = 
2:3:5 ++ = ++ + 
2:3:6 ++ ++ ++ - 
2:4:5 ++ = dots we 
2:4:6 + - + = 
3:4:5 ++ - + - 
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Sexton, 1946). In the first experiment recorded in 
the table a non-toxic wetting agent was employed 
as an aid to solubility. 

Finally, results are given in Table 5 of tests on 
miscellaneous substances mentioned in the dis- 
cussion, including esters of 2:3:6-trichlorobenzoic 
acid and certain substances which are known to 
exert formative effects on plants. 


DISCUSSION 


2:3:6-Trichlorobenzaldehyde is the most active com- 
pound emerging from these studies. It shows the 
same specificity in regard to rape and wheat as do 
the phenoxyacetic acids, but it is much less active 
than the best of these. Applied to growing plants it 
showed formative responses resembling those pro- 
duced by auxin-like substances, and the question 
arises whether it should be regarded as an auxin or 
possibly as a hemi-auxin having what Went (1949) 
describes as ‘preparatory activity’. The structural 
requirements for primary activity of the auxin type 


Table 4. Comparison of activities of 2:3:6-trichlorobenzaldehyde and 2:3:6-trichlorobenzoic acid 
and 4-chloro-2-methylphenoxyacetic acid (‘methoxone’) as inhibitors of germinating rape 


Mean root length (mm.) per seedling at various concentrations (p.p.m.) 


Exp. 
no. Treatment 0 0-01 
1 ‘Methoxone’ 42-5 20-5 
Aldehyde + wetter 34-2 42-1 
Wetter alone 38-9 48-9 
2 Aldehyde 42-7 
Acid 47-3 


Table 5. Activities of miscellaneous substances 
against germinating rape and wheat 


Concen- 
tration 
Compound (p.p.m.) Rape Wheat 

2-Chloro-5-nitrobenzoic acid 50 - - 
2-Chloro-3-nitrobenzoic acid 50 ++ = 
10 + * 

2:3:5-Triiodobenzoic acid 10 ++ ++ 
1 + ~ 
2:3:6-Trichlorobenzyl alcohol 10 ++ + 
1 + - 
2:3:6-Trichlorobenzylamine 50 + - 
10 - : 

Methyl] 2:3:6-trichlorobenzoate 10 + ++ 
1 “ + 

Ethyl 2:3:6-trichlorobenzoate 10 + ++ 
1 7“ + 

n-Propy] 2:3:6-trichlorobenzoate 10 ++ ++ 
1 - + 

isoPropy] 2:3:6-trichlorobenzoate 10 ++ ++ 
1 ~ + 

2:3:6-Trichlorobenzoic acid 10 ++ ++ 
1 + _ 

2:3:6-Trichlorobenzaldehyde 10 ++ ++ 


1 ++ ~ 


0-05 0-1 0-5 1-0 10-0 
7-9 4:8 4-2 2-9 
35-1 45:5 21-6 10-9 
32-6 38-8 44-7 38-7 
21-6 . 10-9 ; 
415 ° 41-2 10-3 


have previously been considered to be (i) an acidic 
group, e.g. COOH, (ii) a cyclic nucleus, (iii) a group 
linking (i) and (ii). For preparatory activity, two 
of the structural features are considered necessary 
by Went. If 2:3:6-trichlorobenzaldehyde does indeed 
exhibit true auxin-like activity then Went’s struc- 
tural analysis will require modification. 

At our suggestion, Miss J. A. Bentley of Man- 
chester University has examined the effect of 
several trichlorobenzaldehydes and of 2:3:6-tri- 
chlorobenzoic acid on the growth of Avena coleop- 
tiles (Bentley, 1950). Of the aldehydes, the 2:3:6- 
isomer alone showed activity and this was greater 
than the activity of B-indolylacetic acid at 1 p.p.m. 
2:3:6-Trichlorobenzoic acid was also active, though 
less so than the aldehyde. There is therefore evidence 
that 2:3:6-trichlorobenzaldehyde and the corre- 
sponding acid have an auxin-like activity, and their 
phytotoxic effect may well be associated with this 
property. The phytotoxic effect of the 2:4:6-, 2:4:5- 
and 3:4:5-trichloroaldehydes, which is of a lower 
order, may be due to a different mechanism, since 
Miss Bentley found these to be inactive on the Avena 
growth test. ; 

It is necessary to consider, however, whether the 
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aldehyde acts after conversion to the acid, either by 
oxidation or perhaps by the action of an aldehyde 
mutase, giving rise to alcohol and acid. It is known 
that germinating peas contain an aldehyde mutase 
and that it will act on aromatic aldehydes (Mikhlin & 
Borodina, 1940) and it is perhaps noteworthy that 
2:3:6-trichlorobenzyl alcohol (Table 5) has activity 
about equal to that of the acid. 2:3:6-Trichloro- 
benzoic acid shows the same specificity of action as 
the aldehyde, though it is less active. It should be 
stated, however, that this aldehyde is much more 
resistant than most aromatic aldehydes to oxidation, 
and we were unable to bring about a Cannizzaro con- 
version to acid and alcohol by means of aqueous or 
alcoholic alkali. If the activity of the aldehyde is 
due to conversion to the acid by the plant it is 
possible that the higher activity of the aldehyde 
might be due to better cell permeability through its 
higher lipoid-water partition and for this reason we 
examined the esters (Table 5). These, however, 
showed quite a different pattern of activity from the 
acid, and this result suggests that the plant is not 
capable of bringing about their hydrolysis, which is 
surprising in view of the known high activity of esters 
of phenoxyacetic acids (Templeman & Sexton, 1946). 
Thus while there is no evidence to show that the 
aldehyde is acting through conversion to the acid, 
this possibility cannot be rigidly excluded. 

It is of interest to compare the results (Table 5) 
obtained with three substituted benzoic acids which 
are recorded in the literature as being active in 
causing modification of plant organs (Zimmerman & 
Hitchcock, 1941). 2-Chloro-3-nitrobenzoic acid shows 
a similar selective effect to 2:3:6-trichlorobenzoic 
acid in the seed germination test, though it is less 
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active. 2-Chloro-5-nitrobenzoic acid was inactive at 
the highest strength tested, while triiodobenzoic acid 
was almost as toxic to wheat as to rape. 

On the effect of positional substitution, little can 
be said. The superiority of the 2:3:6-isomers may 
possibly be due to physical factors such as cell 
permeability. From the relatively low activity of the 
2:6-dichloro and 2:4:6-trichloro compounds (Table 3) 
it is clear that the placing of chlorine atoms on either 
side of the CHO or COOH group is not the significant 
feature. The fact that in 2:3:6-trichlorobenzaldehyde 
the position of the substituents reveals a steric 
similarity to pyridoxal is interesting, but probably 
fortuitous, since we were unable to demonstrate any 
antagonism of its action by pyridoxine or pyridoxal, 
themselves non-toxic to rape at 50 and 10 p.p.m. 
respectively. The low activity of 2:3:6-trichloro- 
benzylamine (Table 5) is also of interest in connexion 
with this point. 


SUMMARY 


1. The effect on germinating rape and wheat of 
mono-, di- and tri-chlorobenzaldehydes and the 
corresponding di- and tri-substituted benzoic acids 
has been studied. 

2. The highest activity against rape is shown by 
2:3:6-trichlorobenzaldehyde, the corresponding acid 
being somewhat less active. Activity against wheat 
is also less. 

3. The mode of action is discussed, particularly in 
relation to the possibilities that (a) 2:3:6-trichloro- 
benzaldehyde may have an auxin-like action, and 
(b) that the aldehyde may owe its activity to con- 
version in the plant tissue to the acid. 
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Selective Absorption of Stereo-isomers of Amino-acids 
from Loops of the Small Intestine of the Rat 


By Q. H. GIBSON anp G. WISEMAN 


Department of Physiology, University of Sheffield 


(Received 19 July 1950) 


Amino-acids may be absorbed from the small in- 
testine in two ways, either by diffusion alone, or by 
a method involving an active process in one or more 
steps. Previous work has supported both possi- 
bilities. Héber & Héber (1937) found that the rate 
of entry of glycine, alanine and valine was not pro- 
portional to the concentration in the gut. They also 
found that these amino-acids were absorbed faster 
than polyhydric alcohols of comparable molecular 
volume and concluded that an active process was 
involved. On the other hand, Kratzer (1944) re- 
ported that the rate of disappearance of amino-acids 
from the gut was inversely proportional to their 
molecular volume, while Chase & Lewis (1934), com- 
paring the rates of disappearance of several L- and 
DL-amino-acids, found no difference between the L- 
isomers and the racemic mixtures. Simple diffusion 
would account for these results. 

This problem has been reinvestigated using the 
stereochemically specific methods which are now 
available for the analysis of amino-acids. It has been 
found with thirteen amino-acids that the L-isomer 
disappears more rapidly than the D-isomer from a 
racemic mixture introduced into the small intestine 
and this is regarded as evidence for an active process 
in the absorption of amino-acids. 


EXPERIMENTAL 
Operative technique 


Adult rats were anaesthetized by intraperitoneal injection of 
nembutal (6 mg./100 g. rat). The ileocaecal junction was 
located through a midline abdominal incision, and about 
15 cm. of small intestine proximal to this was isolated, 
washed out with distilled water and tied off at one end. A 
ligature was placed loosely in position around the other end 
and a blunt hollow needle placed in the lumen of the intestine 
through the loop of ligature. The ligature was then tightened 
over the needle and the amino-acid, dissolved in 1 ml., was 
injected from a syringe. The needle was then withdrawn and 
the ligature tied off. The loop of gut, with blood supply 
intact, was then returned to the abdominal cavity and the 
abdominal wall sutured. The rat was maintained at body 
temperature during the experimental period, after which it 
was killed and the loop of gut between the ligatures removed. 
Its length was measured with the least possible degree of 
stretching and the interior washed out with distilled water 
into a 25 ml. volumetric flask. Measured portions of this 


solution were taken for analysis and compared with stan- 
dards prepared from the stock solution of amino-acid used 
for injection. The use of intestinal loops was preferred to the 
method of Cori (1925), because the uncertainty of gastric 
emptying time is avoided. Furthermore, it is possible to 
use the same region of the intestine in every case and to 
measure the length of loop actually filled with solution. The 
disadvantages are those of anaesthesia and of the severe 
operative procedure. 


Analytical methods 


Analysis of L-amino-acids. (a) The L-amino-acid oxidase 
found in the culture medium from Neurospora crassa attacks 
a considerable number of amino-acids (Bender & Krebs, 
1950). The mould was grown as described by these authors, 
and a dry preparation of the enzyme made by the method of 
Burton (1950). On the 14th day after inoculation the 
mycelium was filtered off and the medium brought to pH 6. 
It was concentrated in vacuo to about one-tenth of original 
volume at a temperature below 45°. Salts were partly 
removed by dialysis for 4 hr. against tap water; the contents 
of the sac were brought to pH 6-5, cooled to 0° and 1:5 vol. 
cold acetone added. The precipitate was centrifuged off and 
dried over P,O,. Such preparations retained their activity 
for several months at room temperature. The determinations 
were carried out in standard Warburg manometers. Each 
cup contained a 2 ml. sample, 1 ml. 0-1M-pyrophosphate 
buffer pH 8-3 and 1 ml. enzyme solution in the side arm. 
The insets contained KOH papers. The cups were shaken 
at 39° in an atmosphere of O,. The reaction proceeds almost 
directly to completion without much slowing down as the 
theoretical value is approached. (b) Bacterial decarboxylases 
for t-histidine, L-lysine, and L-glutamic acid were prepared 
and used according to Gale (1941) and Gale & Epps (1944). 
(c) L-Aspartic acid was determined by the method of Krebs 
(1951). In this method aspartic and «-ketoglutaric acids 
react to give oxaloacetic and glutamic acids. The oxaloacetic 
acid is decarboxylated with aniline and the glutamic acid 
with the bacterial decarboxylase. 

Analysis of p-amino-acids. These were determined with 
the p-amino-acid oxidase of pig kidney prepared according 
to Bender & Krebs (1950). The pig kidney acetone powder 
(0-5 g.) was ground finely and shaken gently for 5 min. with 
10 ml. 0-1M-pyrophosphate buffer pH 8-3. The mixture was 
centrifuged and the clear supernatant used in the cups. The 
manometric determinations were carried out in exactly the 
same way as for the L-amino-acids except that 1 ml. of the 
pig kidney extract replaced the Neurospora enzyme. 

Estimation of total amino-acids. Where only one isomer was 
determined by a specific method, the value for the other was 
obtained by difference, the total being determined with 
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Table 1. Effect of amount of amino-acid on rate of disappearance 


(The amino-acid was contained in a volume of 1 ml., at pH 7-4. The experimental period was 0-5 hr. in each case. The 
analyses were made using the specific decarboxylase for the amino-acid concerned.) 


Amount Amount 
introduced disappearing Gut length No. of 
Acid (umol.) (umol.) (cm.) experiments 

L-Glutamic 225 68+5-2 12+41-4 14 
138 50+2-3 1741-9 8 
68 20+1-9 1640-6 8 
L-Histidine 256 124+42-8 1640-9 + 
116 84+42-3 13+2-0 15 
64 4043-3 12+0:8 4 


chloramine-T. This reagent appears, in general, to liberate 
rather more than the theoretical amount of CO, (Van Slyke, 
Dillon, MacFadyen & Hamilton, 1941). The results obtained 
with the various amino-acids are given in Table 2. Where 
there was an appreciable departure from theoretical values, 
the result with chloramine-T was regarded as being propor- 
tional to the amount of amino-acid present, and the total 
adjusted to correspond with the result given by the stereo- 
chemically specific method used. The determinations were 
carried out either at pH 2-4 or at pH 4-6 at 39°. 1 ml. samples 
with 1 ml. citrate buffer (Mm at pH 4-6: 0-1m at pH 2-4) were 
placed in the main chamber and 1 ml. 10 % (w/v) chloramine- 
T in the side-arm. The gas evolution was complete in all 
cases after 20 min. 

Total histidine. This was determined colorimetrically by 
the method of Macpherson (1946). 


Materials 


Amino-acids were commercial samples used without 
further purification, except for DL-«-aminoadipic and DL-«- 
aminopimelic acids, for samples of which we are indebted to 
Prof. H. A. Krebs, F.R.S. The solutions introduced into the 
gut contained 150-250 pmol./ml. and were brought to pH7-4. 
Leucine and norleucine, which were not sufficiently soluble 
to permit the preparation of solutions of this concentration 
at pH 7-4, were first dissolved with the aid of a small excess 
of alkali and brought to pH 7-4 by the addition of the 
required amount of HCl immediately before introduction 
into the gut. 


RESULTS 


Effect of gut loop length on disappearance 
of amino-acids 


As it seemed likely that variation in the length of 
loop taken would affect the rate of absorption of the 
amino-acids, attempts were made, so far as possible, 
to keep the length constant at about 15 cm. There 
was, however, some variation in length of loop from 
tat to rat, particularly in the earlier experiments. 
Examination of the collected results with a view to 
detecting an effect of loop length yielded equivocal 
results, as in the case of most amino-acids the scatter 
of loop length was insufficient to allow of a definite 
conclusion being drawn. Accordingly, no allowance 
for length of loop has been made in calculating the 
results. 


Effect of amount of amino-acid introduced on 
amount disappearing 


The amount introduced was kept constant for any 
one amino-acid, and in all cases equal amounts of 
D- and L-isomers were placed in the loop. A small 
number of experiments were, however, carried out 
with L-glutamic acid and t-histidine, in which the 
amount of amino-acid introduced was varied. It 
seemed that, over the range studied, the amount 
disappearing was proportional to the amount intro- 
duced. 


Relative rates of disappearance of stereo-isomers 


The methods used for each amino-acid are given in 
Table 2 which also shows the percentage of the 
theoretical value obtained in each case, except for 
«-aminoadipic and «-aminopimelic acids which were 
not available in sufficient quantities for full study. 
The amounts of D- and L-isomers disappearing were 
calculated for each rat, and the mean amounts with 
their standard errors are given for each amino-acid 
in Table 3. Control experiments with dead rats were 
carried out with a few amino-acids. The rats were 
killed by bleeding immediately before the intro- 
duction of the amino-acid into the intestinal loop, 
but were otherwise treated in precisely the same way 
as the experimental animals. In all cases examined 
the amounts of both isomers disappearing were 
small, and the figures correspondingly somewhat un- 
certain, representing, as they did, small differences 
between large numbers. The results are shown in 
Table 4. 


DISCUSSION 


The difference in rate of disappearance of the 
stereo-isomers under identical conditions is regarded 
as evidence for the existence of a specific mechanism 
for the active absorption of L-amino-acids, since the 
rates of diffusion of both isomers would be the same. 
It seems unlikely that the results can be-accounted 
for by bacterial action in the gut since the control 
experiments with dead rats did not give striking 
differences between the D- and t-isomers. Nor is it 
likely that so wide a range of amino-acids should be 
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(Kidney and Neurospora oxidase: each cup contained 1 ml. 0-1m-pyrophosphate buffer pH 8-3, 2 ml. sample, 1 ml, 
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Table 2. Methods of analysis of amino-acids 


enzyme, KOH insets, gas phase O,, temp. 39°. 


Chloramine-T: each cup contained 1 ml. 10% (w/v) chloramine-T, 1 ml. sample, 1 ml. M-citrate buffer pH 4-6 or 1 ml. 


0-1m-citrate buffer pH 2-4, temp. 39°. 
Transaminase: each cup contained in main chamber 0-5 ml. Clostridium welchii suspension, 0-2 ml. 2% Cetavlon, 0-5 ml, 


buffer pH 5, 0-2 ml. 0-1m-a-ketoglutarate, temp. 39°.) 


‘ 
‘ 
( 
transaminase preparation, 1 ml. sample, 1 ml. 0-2m-acetate buffer pH 5. In side arm 0-03 ml. aniline, 0-2 ml. 0-2m-acetate 
! 
é 


IQ5I 





L-Form p-Form Total 
Re- Re- Re- 
Method of covery Method of covery Method of covery f ‘ 
Amino-acid analysis (%) analysis (%) analysis pH (%) 3 
pL-Alanine Neurospora oxidase 102 Kidney oxidase 98 —_— _ _ ( 
DL-Phenylalanine Neurospora oxidase 100 Kidney oxidase 106 _ _ _ , 
pL-Methionine Neurospora oxidase 98 Kidney oxidase 102 _— _— _ , 
DL-Histidine Decarboxylase 98 _ — Colorimetry _— — ( 
DL-Valine _ _ Kidney oxidase 104  Chloramine-T 2-4 102 ( 
pDL-Leucine Neurospora oxidase 100 —_ — Chloramine-T 2-4 107 y 
pL-Isoleucine - _ Kidney oxidase 96 Chloramine-T 2-4 102 
DL-Norleucine Neurospora oxidase 106 Kidney oxidase 96 _ _ — 5 
pL-Aspartic acid Transaminase 96 _ Chloramine-T 4:6 102 ] 
DL-Glutamic acid Decarboxylase 98 — ooo Chloramine-T 4-6 100 ‘ 
pL-«-Aminoadipic acid Neurospora oxidase _ — — Chloramine-T 2-4 — f 
pL-«-Aminopimelic acid § Neurospora oxidase — _— —_ Chloramine-T 2-4 — 
DL-Lysine Decarboxylase 98 —_ — Chloramine-T 2-4 103 ; 
I 
Table 3. Rates of disappearance of stereo-isomers t 
(The amino-acids were contained in 1 ml. at pH 7-4, except for leucine and norleucine where the volume was 1-4 ml. 
The mean amounts of the isomers disappearing are given in pmol. together with the standard error of the mean in each 
case.) } 
Disappearance I 
Amount Experimental (umol.) ( 
introduced _ period Scent L/D Gut length No. of ( 
Acid (pmol.) (hr.) L-acid D-acid ratio (cm.) experiments ( 
pL-Alanine 256 0-5 4842-3 2241-8 2-2 14+1-0 12 ¢ 
DL-Phenylalanine 156 0-5 5443-3 10+1-3 5-4 17+1-6 10 
pL-Methionine 272 1-0 104+45-2 6443-8 1-6 1641-3 12 
DL-Histidine 232 0-5 8442-3 1442-1 6-0 1342-0 14 
pL-Valine 222 0-5 69+6-9 2242-7 3-1 16413 10 
pu-Leucine 200 0-5 4842-8 2141-7 23 1841-2 14 { 
pt-Isoleucine 184 0-5 5441-7 25+1-5 2-2 1641-2 10 | 
pL-Norleucine 282 0-75 5543-3 3242-7 1-7 21+1-6 10 
pu-Aspartic acid 206 0-5 46+2-9 17+1°8 2-7 19+1-2 10 
pDL-Glutamic acid 192 0-5 4943-3 1042-7 49 18+2-0 14 
pL-«-Aminoadipic acid 146 0-75 31440 1642-2 1-9 13+0-9 t 
pL-«-Aminopimelic acid 244 0-75 46+9-0 1944-5 2-4 14+0-9 4 
pL-Lysine 168 1-0 38+6-2 1042-6 3-8 1542-5 12 
Table 4. Rates of disappearance of stereo-isomers in dead rats 
(The experimental period was 0-5 hr. in each case, except for pi-lysine for which a period of 1 hr. was allowed. Con- V 
ditions were as in Table 3 except that the experiments were carried out with dead rats.) W 
es 
Disappearance d 
Amount (umol.) Gut No. of i 
introduced —_—— length experi- 

Acid (umol.) L-acid p-acid (cm.) ments x 
pt-Phenylalanine 156 541-7 440-9 2141-8 4 th 
pL-Histidine 232 2443-3 1744-9 1743-7 4 tH 
DL-Glutamic acid 192 20+3-6 641-7 2843-5 4 
DL-Lysine 168 10+2-0 541-7 19+2°1 + ec 
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attacked at comparable speeds by the reduced 
bacterial flora remaining after washing out the gut. 
It also appears unlikely that the amino-acids are 
oxidized in the gut, since the intestinal mucosa has 
not been reported to be a rich source of amino-acid 
oxidases. It should be stressed, however, that the 
experiments described here do not establish that the 
amino-acids are in fact transferred to the blood 
stream, and it is for this reason that the term amino- 
acid disappearance has been used in preference to 
absorption. 

It is uncertain how the rate of amino-acid dis- 
appearance is influenced by concentration. If the 
simplest assumption is made, namely that the rate of 
disappearance is proportional to the concentration, 
it seems quite unjustifiable to draw quantitative 
conclusions from the relative rates of disappearance 
of the different amino-acids, because the percentage 
of each which disappeared in the experimental period 
was not the same in every case. The figures for the 
L/D ratio (Table 3) are open to a similar criticism. 
They have, however, the merit of being minimum 
figures. Using, for example, the assumption just 
mentioned, it is easy to calculate that the L/p ratio 
for alanine would be 3-2 instead of 2-2 if it were 
possible to make an instantaneous measurement of 
the relative rates for the two isomers. On the other 
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hand, to obtain the greatest absolute difference in 
the amount of the two isomers disappearing, a long 
experimental period is desirable. If k, and k, were 
the velocity constants for the disappearance rates of 
the two isomers, the optimum length of experiment 
would be given by 

1 


—ke 





t=— log k,/k,. 

Thus for pt-histidine the optimum length of experi- 
ment would appear to be about 1-25hr., but the 
L/D ratio would be only 3-8 as compared with the 
observed value, for an experimental period of 0-5 hr. 
of 6-0. 


SUMMARY 


1. The rate of disappearance of the p- and L- 
isomers of thirteen amino-acids has been studied in 
an isolated loop of rat small intestine. 

2. In each case the t-isomer disappeared faster 
than the D-isomer. 

3. This is regarded as evidence for an active 
process in the absorption of amino-acids. 


We wish to thank Dr S. R. Elsden for growing bacteria 
and for much valuable advice, Mr K. Burton for cultures of 
Neurospora crassa and help with their use, and Prof. H. A. 
Krebs, F.R.S., for details of the transaminase method. 
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Methods for Isolating »-Amino-acids: y-Aminobutyric Acid 
from Rye Grass 


By R. L. M. SYNGE 
The Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 29 September 1950) 


Work is in progress here on the chemical reactions 
which are undergone by dietary constituents, 
especially those from green leaves, in the course of 
digestion in the ruminant. The occurrence of w- 
amino-acids in plant juices and as products of 
microbial degradation of common amino-acids in 
the rumen necessitates systematic procedures for 
the isolation of these compounds. 

Three methods are now described which in suitable 
combinations permit systematic isolation of the w- 


amino-acids. These procedures can be used on the 
micro scale for metabolic studies with isotopic 
tracers. They are additional to the ion-exchange 
methods of Westall (1950) and Lederer & Pavlov (see 
Lederer, 1949). The present methods haveso far been 
used for isolating y-aminobutyric acid from among 
the dialysable constituents of rye grass (Lolium 
perenne L.), as described below, and in studying the 
production of 5-aminovaleric acid in the rumen of 
the sheep (cf. Shazly & Synge, 1950). 
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The y-aminobutyric acid isolated was fully char- 
acterized and identified, in agreement with the 
studies of Reed (1950) and of Westall (1950), who 
independently isolated and identified the same sub- 
stance from yeast extract and red beetroots re- 
spectively. Other data on the natural occurrence of 
y-aminobutyric acid are discussed at the end of this 


paper. 
EXPERIMENTAL 


Materials 


The following synthetic w-amino-acids were used for testing 
the isolation procedures and for comparison with the 
naturally occurring materials: B-alanine (Light and Co., 
Wraysbury); y-aminobutyric acid (DeWitt, 1937); 5-amino- 
valeric acid (according to Wallach (1900) from cyclopent- 
anone oxime (cf. Fox, Dunn & Stoddard, 1941)); ¢-amino- 
caproic acid (Eck, 1937). 


Isolation procedures for w-amino-acids 


(a) Use of diaphragm cell. A three-compartment cell of the 
type described by Theorell & Akeson (1942) fitted with two 
cellophan diaphragms and with platinum electrodes was 
used. Each compartment contained about 50 ml. of liquid. 
After adjusting the pH of the plant juice or other solution to 
be analysed to 6-5-7-0 (bromothymol blue) with NH; or 
acetic acid, it was placed in the middle compartment. The 
anode compartment was filled with 0-1N-H,SO, and the 
cathode compartment with 0-2 % (w/v) aqueous NH;. 200 V. 
was applied to the electrodes, and the pH of the middle 
compartment was maintained at 6-5-7-0 by addition of drops 
of 3% (w/v) aqueous NH, as required. After 2-3 hr. the 
catholyte was removed and replaced with fresh 0-2 % (w/v) 
NH,. This first catholyte contained most of the alkali 
metals (as hydroxides) and organic bases, etc. from the 
solution analysed, but only relatively small quantities of 
neutral amino-acids. It was discarded. Addition of NH; to 
the middle compartment was now discontinued and the pH 
fell because the plant acids, dicarboxylic amino-acids and 
possibly other acidic substances did not enter the anode 
compartment. The catholyte was removed and replaced with 
fresh NH, solution at half-hourly intervals. The successive 
catholytes were examined by filter-paper chromatography 
(see below). With plant juices the middle-compartment 
solution quite quickly reached a low pH, and the rate at 
which w-amino-acids entered the cathode compartment then 
only moderately exceeded that for the neutral «-amino-acids. 
All the w-amino-acids present were usually collected in the 
first three or four changes of catholyte. They could be very 
greatly concentrated relative to the «-amino-acids that had 
accompanied them by evaporating the combined w-amino- 
acid-containing catholytes to suitable volume in vacuo and 
analysing the resulting solution a second time in the three- 
compartment cell. After completing the pH-controlled run 
to remove traces of non-volatile basic substances, acetic 
acid was added to the middle compartment to a concen- 
tration of about 0-1% (w/v). Under these circumstances the 
pH of the middle compartment did not fall much below 4 and 
w-amino-acids left it much faster than did the neutral 
«-amino-acids. 

With some grass juices it was found that the cathode 
membrane became impregnated with brown material and 
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impermeable to amino-acids. This was presumably caused 
by protein or other positively charged material altering the 
surface potential of the pores of the membrane. The trouble 
could be avoided by using only that fraction of the juice that 
dialysed freely through cellophan, or by subjecting the juice 
to preliminary hydrolysis with acid. The resultant humin 
collected on the anode membrane. 

(b) Use of jelly ionophoresis. The procedure of Consden, 
Gordon & Martin (1946; method C) was used. Silica jelly 
strengthened with paper powder was prepared as described 
by these authors and, after setting, was washed overnight 
with a solution of acetic acid (0-1m) and ammonium acetate 
(0-005m). Fractions enriched in w-amino-acids from the 
diaphragm cell were evaporated to small volume in vacuo 
and packed with paper powder into a gutter cut close to the 
anode end of the jelly. On applying 4 V./cm. for 19 hr. 
(washing the electrodes with the same acetic acid-ammonium 
acetate buffer) it was found that the «-amino-acids had 
migrated 11 cm. towards the cathode as a compact, sym- 
metrical band, while the w-amino-acids formed a broad, 
faster-moving band with a diffuse front and sharp rear edge. 
The form and position of the bands was revealed on a print 
coloured with ninhydrin as described by Consden et al. (1946). 
The jelly containing the w-amino-acids was removed from 
the trough, dried in a vacuum desiccator over H,SO, and 
soda lime at room temperature (finally with high vacuum, to 
complete removal of ammonium acetate), powdered, packed 
into a chromatogram tube and extracted by percolation wit!. 
water. A trough 4 cm. broad and 0-5 cm. deep would con- 
veniently separate 5-10 mg. of w-amino-acids from an equal 
weight of neutral «-amino-acids, sugars, etc. Under favour- 
able conditions the product was free from «-amino-acids, but 
contamination often resulted from electroendosmotic leaking 
of solution along cracks between the jelly and the lid or walls 
of the trough. 

(c) Use of partition chromatography with filter paper and 
with cellulose powder. The homologous w-amino-acids from 
-alanine to e-aminocaproic acid were studied on filter-paper 
chromatograms individually and in mixtures. With n- 
butanol-water and with commercial collidine (Yorkshire Tar 
Distillers Ltd., Cleckheaton)-water the compounds were 
scarcely resolved. With phenol-aqueous NH,, FR, values were 
too great for good resolutions; with mn-propanol-water 
(2:1, v/v) and with m-cresol-water (with or without added 
NH;) there was some resolution, but much ‘tailing’. How- 
ever, the system n-butanol-water-acetic acid (Partridge, 
1948) gave sharply defined spots and good resolutions. The 
R, values found with various phase pairs of this system are 
shown in Table 1 ; values found for alanine, valine and leucine 
are included for reference. Reed (1950), using n-butanol- 
water-acetic acid (4: 1:1, by vol.), found that y-amino- 
butyric acid moved faster than alanine. Chromato- 
graphy on filter paper has proved useful throughout this 
work for identification of w-amino-acids and for controlling 
purifications. Colouring was effected by spraying with nin- 
hydrin solution in the usual way. 7 

For preparative purposes columns were made with a highly 
purified Whatman cellulose powder (kindly provided by 
H. Reeve Angel and Co., 9 Bridewell Place, London, E.C. 4). 
In a typical experiment 90 g. of air-dry powder was made to 
a slurry with the top phase obtained immediately after 
mixing and equilibrating 8, vol. n-butanol, 10 vol. water and 
1 vol. acetic acid. The slurry was poured into a chromatogram 
tube (5-4 cm. diameter) and when the column had settled 
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Table 1. Ry, values of w-amino-acids on filter paper with n-butanol-acetic acid-water mixtures 
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(The chromatograms were run downwards on Munktell OB filter paper (Grycksbo Pappersbruk AB, Grycksbo, 
Sweden) using as solvent the upper phase of a freshly prepared mixture made with the volumes of solvents indicated. 
The chromatograms were run in an atmosphere saturated by the presence of both phases of the solvent mixture.) 


n-Butanol : water : acetic acid 


(by volume) (8:10: 1) 
B-Alanine 0-17 
y-Aminobutyric acid 0-24 
6-Aminovaleric acid 0-32 
e-Aminocaproic acid 0-38 
Alanine 0-19 
Valine 0-41 
Leucine 0-58 


it was washed with 300 ml. of the same mixture. The mixture 
studied resulted from applying procedure (a) to a hydrolysed 
grass juice. It contained about 25 mg. of y-aminobutyric 
acid contaminated with B-alanine and neutral «-amino-acids, 
among which alanine, valine, leucine and proline pre- 
dominated. This was dissolved in 5 ml. of the solvent mixture, 
washed in with small portions and developed with the same 
solvent. Successive 25 ml. portions of effluent were collected. 
Samples from each fraction (numbered serially) were 
examined by paper chromatography. y-Aminobutyric acid 
uncontaminated with other amino-acids was found in 
fractions 15-23 inclusive, which were pooled and evaporated 
to dryness in vacuo. The syrupy residue was dissolved in 
water. This led to the separation of some gummy, water- 
insoluble material, presumably extracted from the cellulose 
as it was found in effluent from blank columns run with 
solvent only. The mixture was treated with a little charcoal 
and filtered. The filtrate was evaporated in vacuo and the 
residue brought to crystallization in aqueous ethanol. 

The cellulose powder from the column was washed re- 
peatedly on a Biichner funnel with dilute aqueous HCl and 
then with distilled water. 1t was dried at room temperature 
and could be used repeatedly. 


Isolation of y-aminobutyric acid from rye grass 


Two-dimensional filter-paper chromatograms made in this 
laboratory from plant extracts (grasses, clovers, sugar beet) 
have in every case shown a strong spot colouring with nin- 
hydrin and corresponding in position and colour with y- 
aminobutyric acid (Dent, 1948). 

For the present work, juice derived from rye grass by the 
ether procedure (Chibnall, 1939) was used, since other non- 
protein nitrogenous constituents of this juice are being 
studied here. By the kindness of Mr R. Bain of the North of 
Scotland College of Agriculture, rye grass (strain S23) was 
obtained from the grass plots of the College at Craibstone 
on various dates between May and November 1949. There 
were no obvious variations in the amounts of y-aminobutyric 
acid present at different stages of the season, as far as could 
be judged from the paper chromatograms. Although pre- 
parations of y-aminobutyric acid were obtained without 
dialysis or acid hydrolysis, these treatments aided purifi- 
cation by eliminating material that interfered with opera- 
tions in the diaphragm cell (see (a) above) as well as peptide 
material and glutamine, which interfered somewhat with 
purification procedures at various stages. 

Freshly picked grass was placed in ether for 20 min. and 
the resulting flaccid mass was squeezed in a hand press. The 





Ry 
— 
(4:5:1) (2-67 : 3-33 : 1) n-Butanol-water 

0-32 0-65 0-05 
0-39 0-70 0-05 
0-50 0-75 0-05 
0-61 _— -_ 

0-33 0-65 

0-53 0-77 0-24 
0-68 0-82 0-42 


resulting juice was filtered through paper pulp. The clear 
brown filtrate usually contained about 0-8 mg. N/ml. 
(Kjeldahl). Only about 12% of this N remained inside a 
cellophan sac after exhaustive dialysis against CHCl, water 
at 0°. Part of the fraction that had passed through 
cellophan (containing 150 mg. N) was evaporated in vacuo 
to small volume and refluxed 24 hr. in 6n-HCl. Excess HCl 
was evaporated in vacuo. The residue was dissolved in water 
and treated (in four portions) according to procedure (a) 
above (first stage only). The combined product was sub- 
jected to procedure (5) using a trough 15 cm. broad, and the 
resulting product was concentrated to dryness in vacuo and 
chromatographed according to procedure (c). The final 
product, after crystallization from ethanol-water, weighed 
30 mg. 


Characterization of y-aminobutyric acid isolated 
from rye grass 

The isolated product was homogeneous on paper chroma- 
tography with phenol-1% (w/v) aqueous NH,, collidine- 
water and n-butanol-acetic acid-water systems (cf. Table 1), 
colouring the chromatograms in each case with ninhydrin. 
Mixed chromatograms with authentic y-aminobutyric acid 
showed in every case a single spot. M.p. (uncorr.) was 191°, 
which was not depressed on admixture of synthetic material 
(m.p. 198°): [«]}9°, 0° + 1° in water (c, 2-1). The material was 
analysed after drying to constant weight in vacuo at 100° 
over P,O;. (Found: C, 46-3; H, 8-4; N (Kjeldahl), 13-3. Cale. 
for C,H,O,N: C, 46-6; H, 8-7; N, 13-6%.) The product gave 
completely negative results in the amino-acid determination 
with copper phosphate according to Pope & Stevens (1939) 
and in the ninhydrin-CO, determination according to Van 
Slyke, Dillon, MacFadyen & Hamilton (1941) using citrate 
buffer at pH 2-5. The same results were found with the 
synthetic material. In the Van Slyke amino N determination 
(30 min. reaction time at 19°) 90% of the N reacted. With 
the synthetic material the amount of amino N found was 
87, 93 and 94% of total N after 4, 10 and 30 min. reaction, 
respectively, at 19°. Dunn & Schmidt (1922): found that 
y-aminovaleric and 5-aminovaleric acids reacted completely 
in 10-15 min. at 23°. Abderhalden & Kautzsch (1912) found 
95% of the N of y-aminobutyric acid available in the Van 
Slyke reaction (see also Gale, 1940). Since it was thought that 
the present low values might be due to cyclization by lactam 
formation occurring progressively on keeping in solution, 
determinations (30 min. reaction time) were done using 
aqueous solutions that had been kept at room temperature 
for periods up to 5 days, and material that had been kept 
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dissolved in acetic acid-n-butanol (1 : 10, v/v) overnight and 
then evaporated to dryness in vacuo at 60°. These treatments 
did not diminish the amino N, and the same was true for 
$-aminovaleric acid, which yielded 92-96% of its N before 
or after such treatment. 

Specimens of the natural and synthetic y-aminobutyric 
acid were compared crystallographically by Dr D. Crowfoot 
Hodgkin and Miss P. Cowan who write: ‘We had difficulty 
in identifying y-aminobutyric acid by crystallographic 
methods owing to the crystallization of the material in two 
different modifications, A and B, which have the following 
characteristics: 

‘y-Aminobutyric acid A crystallizes in tetragonal needles 
elongated along c and forms characteristic feathery growths 
when rapidly crystallized on slides. The lattice constants are: 
a=11-95 A, c=15-25A. The space group is /4cd with n = 16, 
in agreement with the observed density of approximately 1-3. 

‘y-Aminobutyric acid B crystallizes in small monoclinic 
tables or plates on {021}, usually fairly equally developed. 
The lattice constants are approximately: @=7-1 A,b=10-1A, 
c=8-2A, B=68° 30’. The space group is P2,/c and n=4, 
corresponding again with the observed density of 1-25-1-26. 

‘When rapidly crystallized on slides y-aminobutyric acid B 
forms platy crystals less feathery than those of A, from which 
they can be distinguished by the fact that the direction of 
maximum growth tends to be parallel to the greatest re- 
fractive index in the plane of the plate in the case of B and 
to the least in the case of A. Experiments on recrystallization 
of one form on microscope slides in the presence of the other, 
produced no apparent interconversion of the two varieties. 
The synthetic sample, as supplied by Dr R. L. M. Synge, 
had crystallized in modification A and gave this modification 
again on recrystallization, both by slow evaporation from 
ethanol-water and on precipitation by ethanol from aqueous 
solution as described by Reed (1950). In two cases, however, 
crystals of form A which had been left exposed to the air 
were observed to deliquesce and then to crystallize after 
some days or weeks in form B. 

‘All the early samples of y-aminobutyric acid from natural 
sources crystallized at first in form B and consequently gave 
X-ray photographs not identical with those given by the 
original synthetic sample. Only the final specimen sent to us 
had crystallized spontaneously in form A and this again, after 
standing for some weeks, partly recrystallized in form B. 

‘There are certain similarities between the two crystal 
structures which are probably best illustrated by the 
powder patterns in Pl. 3, but easy passage of one into the 
other does not appear possible. In particular, the arrange- 
ment of molecules in structure A is of a highly symmetrical 
and complex variety. Again, neither of the powder patterns 
of A or B is exactly the same as that produced by Reed, to 
which, however, both bear a family resemblance. It seems 
quite likely therefore, that y-aminobutyric acid like glycyl- 
glycine (Hughes & Moore, 1949), can crystallize under 
apparently similar, if not identical, conditions in three 
different crystalline modifications. The appearance of one 
modification rather than another is probably affected by 
traces of impurities, but the stability relations of the three 
certainly need further investigation.’ 





Amount of y-aminobutyric acid: occurrence of 
other w-amino-acids in rye grass 


A rough quantitative determination of y-aminobutyric 
acid was made using juice expressed from grass picked 
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30 November 1949, which contained 0-98 mg. diffusible 
N/ml. The diffused material (21 mg. N) was hydrolysed and 
subjected to analysis by procedures (a) (single treatment) 
and (c) in succession. The chromatographic fractions found 
to contain y-aminobutyric acid were pooled, and N was 
determined on a portion. After allowing for a trace of N 
shown in a blank experiment to be extracted by the solvent 
from the cellulose, it was calculated that the fraction con- 
tained 1-3 mg. N, i.e. y-aminobutyric acid N was 6-2% of 
the dialysable (non-protein) nitrogen; the freshly expressed 
juice thus contained 0-45 mg. y-aminobutyric acid/ml. 
Westall (1950) isolated 0-16 mg./g. from fresh beetroot, and 
Steward, Thompson & Dent (1949) estimated 0-54 mg./g. to 
be present in fresh potato. Small amounts of what appeared 
to be f-alanine (judged by chromatographic rates and the 
clear blue colour with ninhydrin after paper chromatography 
with collidine; Dent, 1948) were always found in the grass 
juice and were concentrated with the y-aminobutyric acid 
in procedures (a) and (b) and eliminated during procedure (c) 
(cf. Steward et al. 1949; Westall, 1950). The amount of f- 
alanine increased after acid hydrolysis; more detailed study 
(to be published later) showed that at least some of this newly 
formed material came from an acidic fraction, in which such 
compounds as pantothenic acid would occur. 

§-Aminovaleric acid and other w-amino-acids would have 
been concentrated with the y-aminobutyric acid and de- 
tected chromatographically. No evidence for their occur- 
rence was obtained. 


DISCUSSION 


Methods for isolating w-amino-acids 
Methods (a) and (6) depend for their usefulness on 
the ionization of the carboxyl groups of the «-mono- 
amino-monocarboxylic acids being stronger (pK 1-8- 
2-8) than that for the corresponding w-compounds 
whose pK values range from 3-6 for f-alanine to 
4-4 for «-aminocaproic acid (Cohn & Edsall, 1943, 
pp. 84, 99). The ionization behaviour of y-amino- 
butyric and §-aminovaleric acids was studied in detail 
by Neuberger (1937) and used by Gale (1940) for 
distinguishing between «- and y-aminobutyric acids 
in solution. Consden e¢ al. (1946) have discussed in 
detail how to select the pH at which electrical 
migration methods will give the best results in 
separating compounds whose ionization properties 
differ. Under the conditions used here, the carboxyl 
groups of the w-amino-acids are less ionized than 
those of the «-amino-acids; there is, therefore, a 
greater net positive charge on the w-amino-acid 
molecules, with the result that they migrate more 
rapidly towards the cathode. The asymmetrical 
character of the w-amino-acid bands in the jelly 
ionophoresis is due to the low buffering capacity of 
the mixture of acetic acid and ammonium acetate, 
chosen for the sake of its volatility. Thus at higher 
concentrations of w-amino-acid the pH rises and 
migration is slowed, giving a broad band with a 
diffuse front and a sharp, rear edge. 

It is presumably likewise the ionization behaviour 
of their carboxyl groups that causes f-alanine and 
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X-ray powder photographs of y-aminobutyric acid specimens (Cu radiation; 
camera diameter 5-73 cm.). (a) Synthetic preparation in form A; (b) natural 
preparation in form A; (c) natural preparation as first crystallized in form B. 
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y-aminobutyric acid to occupy positions between 
the neutral and the basic amino-acids on the cation- 
exchange displacement columns used by Westall 
(1950). It is not clear whether the same property 
determines the separations of Lederer & Pavlov 
on acid-washed alumina at pH 4-0 in the presence 
of formaldehyde or whether. as Lederer (1949) 
suggests, the effect is determined by more directly 
steric factors. Failure of w-amino-acids to form 
complexes with cupric ions (Schimkoff, 1906; 
Tschugaeff, 1907; Fischer & Zemplén, 1909; Ley, 
1909; Karrer & Widmer, 1926) seems to be deter- 
mined by purely steric factors and has been used 
analytically for detecting w-amino-acids by Crum- 
pler & Dent (1949). 

Regarding the behaviour of the w-amino-acids in 
partition chromatography, it is noteworthy that in 
a number of solvent systems R, values do not 
increase in the regular manner that would be ex- 
pected from simple theory (cf. Martin, 1949; Bate- 
Smith & Westall, 1950) in passing up the homologous 
series from f-alanine to e-aminocaproic acid. This is 
well illustrated for the solvent system n-butanol- 
water by the data in Table 1. A likely explanation 
is that the increasing molecular dipole moments of 
these homologues (see Cohn & Edsall, 1943, pp. 140— 
154) decrease their solubilities in less polar solvents 
relative to their solubilities in water. The data 
tabulated by Cohn & Edsall (1943, pp. 201, 203) for 
the solubilities of «- and B-alanines and «a- and e- 
aminocaproic acids in ethanol and water show the 
effect well. The acetic acid added to the system n- 
butanol-water presumably increases the polarity of 
the non-aqueous phase and may also form mixed 
chelate double molecules with the carboxyl groups 
of the w-amino-acids; as seen in Table 1, the R, 
values of the w-amino-acids increase so as to ap- 
proach quite closely those of the «-isomers. Since 
Partridge (1948) first used n-butanol-acetic acid- 
water systems for chromatography of sugars many 
workers have found them useful in chromatography 
of amino-acids, but this special usefulness in the 
w-amino-acid series does not seem to have been 
remarked before. 

The Whatman cellulose powder used in the present 
work for preparative purposes gave similar fractiona- 
tions to those described by Peterson & Reineke 
(1949) in the analysis of amino-acids from circulin. 
These workers used a fine grade of the commercial 
cellulose ‘Solka Floc’ (Brown Company, Berlin, New 
Hampshire). The resolutions achieved were in neither 
case comparable with those obtained on starch 
chromatograms (cf. Stein & Moore, 1950), which 
were used by Reed (1950) for his isolation of y-amino- 
butyric acid. In fact resolutions on columns of this 
type are not as good as those on filter-paper chroma- 
tograms. This may be due to the relatively high rate 
of percolation of solvent caused by the loose packing 
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of the powder when the columns are poured wet. 
Results with cellulose-powder columns packed dry 
may well be better. However, columns of the type 
used here are convenient to prepare and use, do not 
exhibit channelling or unevenness of flow, and may 
be recommended for the less exacting sorts of pre- 
parative work especially if it is desired to save time. 


y-Aminobutyric acid in nature 


Work in recent years in a number of laboratories 
has now demonstrated that y-aminobutyric acid is 
a normal major component of the ‘non-protein 
nitrogen’ fraction of the tissues of higher plants, 
and therefore an important constituent of the diet 
of many animals (Dent, Stepka & Steward, 1947; 
Allsopp, 1948; Steward et al. 1949; Joslyn & Stepka, 
1949; Jones, 1949; Hulme & Arthington, 1950; 
Westall, 1950). It was probably the great solubility 
of the substance, the effects of quite small amounts 
of impurities in delaying and modifying its crystal- 
lization (see note by Dr Hodgkin and Miss Cowan 
above) and the high solubilities of all the derivatives 
and salts employed for isolation that prevented its 
recognition by the pioneer students of plant juices. 
The application of chromatographic methods has 
now overcome these difficulties. However, too few 
of those working with these techniques have 
appreciated the continuing need for preparing and 
fully characterizing the novel substances which they 
encounter. 

y-Aminobutyric acid was isolated by Ackermann 
(1910) after incubating a mixture of glutamic acid, 
salts, glucose and peptone with a little putrefying 
pancreas. The new ‘aporrhegma’ (a term coined by 
Ackermann & Kutscher (1910) to describe break- 
down products of amino-acids which resulted from 
metabolic processes in animals and plants) was 
further characterized by Engeland & Kutscher 
(1910), who subjected it to exhaustive methylation 
and showed that the resulting betaine (sometimes 
known as actinine) was identical with the ‘ ptomaine’ 
isolated by Brieger (1886) from putrefying horse 
flesh and by Takeda (1910) from the urine of a dog 
poisoned with phosphorus, and since found to be 
widely distributed in nature. These observations led 
Ackermann & Kutscher (1910) to regard y-amino- 
butyric acid as an intermediate of the normal cata- 
bolism of glutamic acid in higher as well as in lower 
organisms. First attempts by Abderhalden & 
Kautzsch (1912) to repeat Ackermann’s bacterial 
degradation of glutamic acid were unsuccessful, but 
later trials (Abderhalden, Fromme & Hirsch, 1913) 
led to the successful isolation of y-aminobutyric acid 
by ester distillation from a putrefaction mixture in 
which staphylococci and yeasts were prominent. 
Subsequent work (reviewed by Gale, 1946) has 
shown that many, but by no means all, micro- 
organisms are capable of decarboxylating glutamic 
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acid; Gale (1940) showed y-aminobutyric acid to be 
the main reaction product. More recently the pro- 
duction of y-aminobutyric acid by micro-organisms 
has been studied directly, and has led to similar 
conclusions (Proom & Woiwod, 1949; Woiwod & 
Proom, 1950; King & Fletcher, 1950). 

As concerns the occurrence of y-aminobutyric 
acid in micro-organisms, Work (1949a, b) noted weak 
spots corresponding with it on filter-paper chromato- 
grams made with extracts from Corynebacterium 
diphtheriae. The same has been found in this labora- 
tory with a number of micro-organisms. Bremner 
(1950) found that acid hydrolysis was necessary to 
liberate the corresponding substance from soils. This 
seems to be the only evidence so far for the natural 
occurrence of chemically bound y-aminobutyric 
acid. Reed (1950) noted that the amount of y- 
aminobutyric acid in yeast increased greatly during 
storage in the cold and on autolysis. 

In animals, chromatographic studies have re- 
vealed a wide distribution of y-aminobutyric acid 
in the body fluids, though the concentrations found 
have been low (e.g. Dent, 1948, 1949; Dent & 
Schilling, 1949; Gordon, 1949; Udenfriend, 1950). 
Subbarow & Hitchings (1940) reported its isolation 
from liver, but gave no experimental details. 

At present, facts are lacking about the metabolic 
origin and fate of y-aminobutyric acid. It seems 
firmly established that in micro-organisms glutamic 
acid may serve as a precursor. Hasse & Schumacher 
(1950) cite evidence for the decarboxylation of 
glutamic acid in some higher plants, and isolated 
y-aminobutyric acid after allowing a preparation 
from radish roots to act on L-glutamic acid. Steward 
& Thompson (1950) found little glutamic acid de- 
carboxylase activity in potato tubers which never- 
theless contained and actively metabolized y-amino- 
butyric acid. Roberts & Frankel (1950) observed the 
formation of y-aminobutyric acid from glutamic acid 
by brain. Schotten (1883), who first prepared y- 
aminobutyric acid, found that it was non-toxic on 
administering 0-3 g. subcutaneously to a rabbit. The 
observations of a number of other authors suggest 
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that it is fairly quickly metabolized in the animal 
body (Thomas, 1913; Thomas, Milhorat & Techner, 
1932, 1933; Corley, 1926; Keil, 1932). Emmerling 
(1902) showed it to be an excellent source of carbon 
and nitrogen for a number of fungi. Further work 
by modern methods is needed for tracing the 
metabolic pathways on which y-aminobutyric acid 
lies. 


SUMMARY 


1. w-Amino-acids may be separated from «-amino- 
acids by electrical-migration methods depending on 
differences in the net molecular charge at weakly 
acid pH. Procedures using respectively a diaphragm 
cell and ionophoresis in silica jelly are described. 
These procedures are suitable for use with fluids of 
biological origin for systematic isolation of w-amino- 
acids on the micro scale. 

2. The separation of f-alanine, y-aminobutyric, 
5-aminovaleric and ¢-aminocaproic acids on filter- 
paper chromatograms is described, and some 
anomalies in the chromatographic behaviour of these 
substances are discussed. For larger scale separa- 
tions cellulose-powder chromatograms were used. 

3. y-Aminobutyric acid has been isolated from rye 
grass and identified with authentic material pre- 
pared synthetically. Dr D. C. Hodgkin and Miss P. 
Cowan report crystallographic data on the crystal 
modifications encountered. A rough quantitative 
determination showed y-aminobutyric acid to 
account for 6 % of the ‘non-protein nitrogen’ of the 
grass. Small amounts of f-alanine but no other 
w-amino-acids were found. 

4. A brief survey is made of what is known about 
the distribution, origin and fate of y-aminobutyric 
acid in nature. 


Iam very grateful to Dr D. Crowfoot Hodgkin, F.R.S., and 
Miss P. Cowan, Oxford, for their crystallographic studies, to 
Mr G. Anderson and Mr K. Shazly for their respective 
syntheses of y-aminobutyric and 5-aminovaleric acids and to 
Mr J. Wood for his technical assistance throughout this 
work, 
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Formation by Formaldehyde of a Cross-link between 
Lysine and Tyrosine Residues in Wool 


By P. ALEXANDER*, D. CARTER anp K. G. JOHNSON 
Research Department, Wolsey Limited, Leicester 


(Received 15 June 1950) 


The reaction of formaldehyde with proteins has been 
extensively investigated (French & Edsall, 1945), 
although the general picture is not yet clear since the 
nature of the reaction is dependent on the conditions 
employed. The reaction with wool keratin has been 
studied by a number of workers. Stoves (1943) used 
a 2% (w/v) solution of formaldehyde at 100° and, 
from measurements on the mechanical properties of 
treated fibres, deduced that the disulphide bond had 
been attacked with formation of —S—CH,—NH— 
and —S—CH,—S— cross-links. At high pH values, 
hydrolysis of the disulphide bond occurs, and Ratner 
& Clarke (1937) showed that formaldehyde then 
reacts with the cysteine residue produced to form a 
residue of thiazolidine-4-carboxylic acid. This re- 
action, however, appears to be reversible, since 


Middlebrook & Phillips (1942) found that the 
formaldehyde bound by the cystine residues at high 
temperatures was removed by dilute phosphoric 
acid at 100°. Middlebrook (1949) showed that at 
pH 1 and 100° part of the formaldehyde which 
combines is not removed by boiling acid, and he 
suggested that the irreversibly combined formalde- 
hyde has reacted with the asparagine amide groups 
to form 6-hydroxytetrahydropyrimidine-4-carboxy- 
lic acid, which is stable to boiling acid. 

It is well known that formaldehyde reacts with 
amino groups to form a methylol derivative with a 
different pK value from that of the original base. 
Such compounds are, however, very unstable, and 
after removal of the formaldehyde they immediately 
dissociate. In the case of wool, all; the «-amino 
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groups of lysine react in this way with a 10% (w/v) 
formaldehyde solution almost instantaneously at 
room temperature (Steinhardt, Fugitt & Harris, 
1946). This reaction is completely reversed on 
washing the wool with water, and would therefore 
not have been detected by Stoves (1943) or Middle- 
brook & Phillips (1942). Fraenkel-Conrat & Olcott 
(summarized, 1948) in a detailed series of investiga- 
tions found that under mild conditions the basic 
groups of proteins combine irreversibly with form- 
aldehyde, forming cross-links between the follow- 
ing pairs of groups: amine and amide; amine and 
phenol; amine and indole. Formaldehyde cannot, in 
their opinion, form a stable link between two amine 
or two amide groups. 

We have found that some of the properties of 
wool are greatly altered by treatment with formalde- 
hyde under very mild conditions. For example, the 
susceptibility to degradation by alkali is greatly 
diminished on treatment with a solution of formalde- 
hyde as weak as 0-003Mm at 60° and pH 7. The 
formaldehyde bound by the wool under these condi- 
tions is almost entirely irreversibly combined, and 
a study of the nature of this reaction forms the 
subject of this paper. 


METHODS 


Lincoln fibres of average diameter 24-2 y., fully extracted 
with ether and ethanol, were used for load/extension experi- 
ments and supercontraction measurements. In other experi- 
ments a fully extracted knitted fabric was used, consisting of 
60’s Merino wool which had received no previous treatment 
other than cleaning with soap and NH, to remove dirt and 
wool grease. 

Treatment with formaldehyde. Formaldehyde solution 
(40%, w/v) was diluted to the desired m concentration. Of 
this solution 50 ml./g. of wool were used. The reaction was 
found to be independent of the pH of the solution in the 
range 3-8, and treatments were therefore carried out without 
buffering, since the pH was found to stay between 6 and 7 
throughout the reaction. All treatments were carried out at 
60° for 30 min. with gentle stirring. The wool was then with- 
drawn, rinsed in running tap water (pH approx. 8) for 2 hr. 
and dried at 110° to constant weight. It was found that 
weight increases of the order of 0-1% could be reliably and 
reproducibly determined. Direct weighing has been used for 
following other reactions in the same way (Alexander, 
Bailey & Carter, 1950). 

Acetylation of wool. The NH, groups were acetylated by the 
I. G. Farben process (Alexander & Whewell, 1947). From the 
acid-combining figures it was found that 75% of the NH, 
groups were blocked. 

Esterification of wool with methanol. The carboxyl groups of 
the wool were esterified to the extent of 70% by treatment 
with 0-2N-HCl in anhydrous methanol (20 ml./g. of wool) 
under reflux at the boiling point for 2 hr., after which the 
wool was washed free of HCl in running tap water. Alexander, 
Carter, Ford & Earland (1951) showed that after hydrolysis 
of the ester groups formed in this way with dilute alkali the 
titration curve was identical with that of untreated wool, 
indicating that no amide hydrolysis had occurred. 
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Oxidation of cystine in wool. The treatment with peracetic 
acid, prepared by the method of Greenspan (1947), and 
chlorine in 0-1N-HCl was carried out as described by 
Alexander, Hudson & Fox (1950). 

Susceptibility to degradation by alkali. Wool fabric, 
previously dried to constant weight at 110°, was cut into 
small pieces and placed in 0-1 N-NaOH (100 ml./g. of wool) 
at 65° for 1 hr. The amount dissolving, expressed as g./100 g. 
of original wool, was taken as a criterion for the suscepti- 
bility of the wool to degradation by alkali (Harris & Smith, 
1936). 

Determination of reversibly combined formaldehyde. Wool 
(1 g.) was immersed in 100. ml. of 0-3mM-H,;PO,, which was 
concentrated by distillation until about 5 ml. were left. The 
H,PO, removed the reversibly combined formaldehyde, 
which came over in the distillate and was absorbed by passing 
directly into a solution of 5:5-dimethyldihydroresorcinol 
(dimedon) in aqueous ethanol (Weinberger, 1931). The 
methylene-bis-dimedon precipitate was filtered off, washed 
free from acid, dissolved in ethanol and titrated as a mono- 
basic acid with 0-01 n-NaOH (Vorlander, 1929). 

Supercontraction of wool fibres. Single fibres were treated 
for 30 min. at 100° in (a) a 5% (w/v) solution of NaHSO, 
(Speakman, 1936), and (6) a 100% (w/v) solution of LiBr 
(Alexander, 1949), and the contraction in length expressed 
as a percentage of the original length. 

Work necessary to stretch fibres by 30%. Fibres were 
stressed at a constant rate of loading, either in pH 7 buffer or 
in 0-1 N-HCI, before and after treatment, and from the areas 
under the stress/strain curve the change in work correspond- 
ing to 30% increase in length was determined (Speakman, 
1947). 

Acid and alkali titration curves. Weighed treated 
and untreated samples were placed in HCl and NaOH 
solutions of known concentrations at 20° and allowed 
to reach equilibrium (Speakman & Hirst, 1933). The 
final pH value was taken and the quantity of acid or 
alkali combined expressed as mmol. of HCl or NaOQH/100 g. 
of dry wool. 

Estimation of tyrosine. The wool was hydrolysed by heating 
with 5n-H,SO, ina sealed tube for 5 hr. at 120°, and the 
tyrosine was determined colorimetrically using Millon’s 
reagent (Lugg, 1937). The reagent fails to give a colour when 
the tyrosine is substituted in the 3:5-positions. 


RESULTS 


Increase in resistance to degradation by alkali. The 
alkali solubility test of Harris & Smith (1936) was 
used for determining the resistance to alkali degrada- 
tion of the wool brought about by formaldehyde. 
This resistance is progressively increased as the 
concentration of formaldehyde in the solution is in- 
creased (see Fig. 1) until, under the conditions of the 
reaction, a limit is reached with a 0-15M-solution. 
The increased resistance to alkali is lost when the 
treated wool is heated at 100° with buffer solutions 
at pH<4, but not with solutions at pH>6 (see 
Fig. 2). After boiling in solutions of pH lower than 3, 
the amount of wool dissolving in the alkali under the 
test conditions was the same for untreated as for 
formaldehyde-treated wool. 
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Formaldehyde bound by wool. The percentage 
weight increase was determined by drying to con- 
stant weight at 110° after treatment with different 
amounts of formaldehyde. The quantity of formalde- 
hyde which reacted was very small, and the con- 
centration of the solution was not appreciably 


0-05 010 015 0:20 025 0:30 0:35 
Formaldehyde concentration (Mm) 


Wool dissolving in 0-1 N-NaOH (%) 


Fig. 1. Changes in susceptibility of wool to degradation by 
alkali (as determined by the alkali-solubility test of Harris 
& Smith (1936) following treatment of wool with solutions 
of formaldehyde of various concentrations. 


diminished. The extent of the reaction appears to be 
determined not by the quantity of formaldehyde 
available, but by its concentration. The amount 
combined could not be determined from changes in 
concentrations, since some is adsorbed and very 
loosely bound so that it comes off during the washing 
of the wool. By making the very reasonabie 
assumption that cross-links are formed (see Dis- 
cussion), the amount combined was calculated from 
the weight increase of the wool, by assuming that a 
—CH,— group is introduced for every molecule of 
formaldehyde reacting. From this value and the 
quantity liberated by phosphoric acid distillation 
the proportion of formaldehyde reversibly combined 
was calculated (see Table 1). 

Mechanical properties of the fibres. Fibres were 
calibrated by stretching either in pH 7 buffer or in 
0-I1n-hydrochloric acid, treated with 0-033M- 
formaldehyde at 60° for different times and then 
restretched in the same solution. After formalde- 
hyde treatment there was no significant change in 
work necessary for stretching the fibres 30% in 
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neutral solution, but in acid solution this was con- 
siderably increased. This increase in strength was 
only slightly reduced on boiling in water for 10 min., 
but was lost on heating at 100° for 10 min. in 0-01N- 
hydrochloric acid (see Table 2). 


30 
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Wool dissolving in 0:1 N-NaOH (%) 


wn 


4 6 10 
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Fig. 2. Changes in susceptibility of wool to degradation by 
alkali (see Fig. 1) after heating for 1 hr. at 100° in buffer 
solutions at different pH values. ©, Untreated wool; 
©, formaldehyde-treated wool. 


Treatment with increasing quantities of formalde- 
hyde progressively decreases the degree of super- 
contraction of wool fibres in boiling bisulphite 
solution, but the contraction in lithium bromide is 
not significantly changed (see Table 3). The effect on 
the supercontraction behaviour of heating at 100° 
in buffer solutions of various pH values subsequent 
to the formaldehyde treatment is shown in Fig. 3. 
The formaldehyde-treated fibres boiled in acid solu- 
tions for 1 hr. supercontract to the same extent as 
untreated fibres below pH 4. In the region pH 4-6, 
the treated fibres contract less than control fibres, 
and all fibres heated in buffer solutions above pH 8 
fail to supercontract owing to lanthionine formation. 


Table 1. Formaldehyde bound by wool at 60° in neutral solution and proportion liberated 
on distilling with 0-3M-phosphoric acid 


Concentration of Formaldehyde 

formaldehyde bound by wool 
(m) (g-/8-) 
0-0033 0-00326 
0-0067 0-00629 
0-0133 0-00740 
0-033 0-00920 


Reversibly bound 
formaldehyde 
(% of total 
bound) 

15-9 
14-8 
17-4 
21-4 


Formaldehyde 
liberated on 
distillation 
(g-/g-) 
0-00057 
0-00093 
0-00129 
0-00197 








Time of Formaldehyde 
treatment treatment 
(min.) (%) 
10 +153 
15 +21-7 


30 +20-4 


Table 3. Effect of formaldehyde treatment on 
supercontraction of wool fibres at 100° 





Concentration of Supercontraction 
formaldehyde c sie ‘ 
solution In 5% NaHSO, In 100% LiBr 
(a1) (%) (%) 
Nil 22 15 
0-0033 20 14 
0-0067 10 14 
0-0133 3 13 
0-067 6 1l 
0-667 4 10 


Acid and alkali titration curves. The acid titration 
curve is unchanged by formaldehyde treatment, but 
the alkali curve is shifted to lower pH values in the 


range of pH 9-—11-5 (see Fig. 4), and as a rough esti-. 


mate it would appear that the pK of the lysine groups 
is lowered by 1-1-5 units. 


0) 


Supercontraction (% 





2 4 6 8 
PH of buffer 


Fig 3 supercontraction in NaHSO, at 100° of (©) un- 
treated and (®) formaldehyde-treated fibres after heating 
for 1 hr. at 100° in buffer solutions of different pH values. 


Tyrosine content of treated wool. The diminution in 
tyrosine content of the wool after various formalde- 
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Table 2. Change in work necessary to stretch fibres 30 % in 0-1N-HCl after treatment 
with 0-033M-formaldehyde solution at 60° for different times 
Change in work to stretch 30% after 


treatment followed 
by 10 min. at 100° 
in buffer at pH 7 


Formaldehyde 
treatment followed 
by 10 min. at 100° 

in buffer at pH 2 


Formaldehyde 


(%) (%) 
+ 78 — 10-2 
+20-6 - 18 
+156 - 37 


hyde treatments is shown in Table 4. After distilla- 
tion with 0-3m-phosphoric acid the tyrosine content 
increases, showing that some of the reversibly com- 
bined formaldehyde is held by the tyrosine. In 
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Fig. 4. Alkali titration curves of (©) untreated wool 
and ((}) formaldehyde-treated wool. 


agreement with Middlebrook’s (1949) finding that 
most of the formaldehyde combined at pH 1 and 
100° is bound reversibly, we have found that after 
distillation with phosphoric acid the free tyrosine 
content of wool thus treated is only slightly dim- 
inished. When the formaldehyde is applied at 
neutrality and at a lower temperature, most of it is 
combined irreversibly with tyrosine (Table 4). 


Table 4. Diminution in tyrosine content of wool 
treated with formaldehyde solutions of various con- 
centrations 


Concentration of 


formaldehyde solution Loss of tyrosine* 


(m) (% of original content) 
0-0067 Nil 
0-0133 18-0 
0-133 30-8 
0-333 36-0 
0-667 53-0 
0-333T 26-8 


* Untreated wool gave 5-40% tyrosine, and from this 
figure the percentage reduction was calculated. 

+ Treatment with formaldehyde followed by distillation 
in presence of H,PO,. 


The cystine content of wool determined colori- 
metrically (Shinohara, 1935) is unchanged by form- 
aldehyde treatment. 
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Table 5. Effect of pretreatment with formaldehyde on susceptibility to degradation by alkali (see text), 


supercontraction and tyrosine content of acetylated wool 


Concentration Wool dissolving Supercontraction Loss of tyrosine 
of formaldehyde in alkali in boiling NaHSO, (% of original 
(mM) (g./100 g. of wool) solution (%) content) 
Nil 45-3 16 * 
0-0067 — — 4:8 
0-0133 == _ 9-8 
0-067 — — 3-4 
0-133 44-4 20 6-1 


* The tyrosine content of acetylated wool was 4-98%. 


Table 6. Effect of treatment of oxidized wool with 0-133M-formaldehyde on the susceptibility 
to degradation by alkali (see text) 
Wool dissolving in alkali 
(g./100 g. of wool) 


Cystine Before After 
Initial oxidized formaldehyde formaldehyde 
treatment (%) treatment treatment 
Acid chlorination 16 17-4 9-91 
Peracetic acid (30 min.) 70 86-5 34-6 
Peracetic acid (24 hr.) 90 91-5 29-0 
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Examination of modified wools. Formaldehyde 
treatment does not affect the resistance to degrada- 
tion by alkali, supercontraction behaviour and 
tyrosine content of acetylated wool (Table 5). 
Esterification of the carboxyl groups does not 
influence the effectiveness of the formaldehyde 
treatment, and with a 0-133M-solution of formalde- 
hyde the alkali solubility, as measured by the 
standard test, is lowered from 13-1 g./100g. to 
8-3 g./100 g. Oxidized wool in which the cystine 
links have been broken still reacts with formalde- 
hyde, and the resistance to degradation by alkali is 
considerably increased (Table 6). 


DISCUSSION 


Under very mild conditions of treatment, wool 
combines with as much as 1 % of formaldehyde with 
a resultant weight increase of approximately 0-5 %. 
The reaction increases very substantially the re- 
sistance of the wool to degradation by alkali 
(Fig. 1), diminishes the supercontraction (Table 3) of 
the fibres in bisulphite and improves the tensile 
properties (Table 2). After treatment with dilute 
solutions of acid at 100°, but not with alkaline 
solutions, these effects are no longer apparent 
(Figs. 2 and 3; Table 2), although only a small pro- 
portion of the combined formaldehyde is liberated 
by reaction with acid (Table 1). It is apparent, 
therefore, that the formaldehyde has reacted to 
form a new cross-link (shown by Table 3), which is 
stable to alkali but broken by boiling acid, without, 
however, liberating more than a small fraction of the 
combined formaldehyde. 


The previous researches of Fraenkel-Conrat & 
Olcott (1946), Highberger & O’Flaherty (1939), 
Gustavson (1943), Sirain, Kokes, Hipp, Wood & 
Jackson (1948) and French & Edsall (1945) have 
shown that formaldehyde reacts with protein amino 
groups. The elastic properties of formaldehyde- 
treated wool suggest that the «-amino groups from 
lysine are involved in the cross-link formed. It was 
found that the work required to stretch formalde- 
hyde-treated fibres in 0-1N-hydrochloric acid (see 
Table 2) is increased, whereas the tensile properties 
are unchanged in pH 7 buffer. Speakman & Hirst 
(1933) and Speakman (1947) consider that the salt 
links between the free amino and carboxyl groups in 
wool contribute to the strength of the fibre and that 
the diminution in the work necessary for stretching 
fibres by 30 % in 0-1 N-hydrochloric acid as compared 
with stretching in water is due to the breaking of 
these salt links. A covalent cross-link involving the 
amino group would not be expected to affect the 
tensile properties in pH 7 buffer, since it merely 
replaces the salt link. The new link would, however, 
increase the tensile strength in 0-1N-acid when salt 
links are broken. The alkali-titration curves of 
treated and untreated wool (Fig. 4) are different in 
the pH range 9—11-5 in which lysine titrates, and this 
suggests that the amino groups which have reacted 
can be identified with those of lysine. 

Since the breaking of disulphide links by oxidation 
and the esterification of the carboxyl groups do not 
interfere with the reaction of formaldehyde, it can be 
assumed that they take no part in the reaction. 
Analysis of the free tyrosine content of treated wools 
(see Table 4) indicates that there is a methylol sub- 





stitution in the nucleus, preventing the reaction with 
Millon’s reagent. Reaction of formaldehyde at the 
3:5-positions of tyrosine is a typical Mannich re- 
action (Blicke, 1942), and has been found in proteins 
by Fraenkel-Conrat & Olcott (1948). The compound 
formed is stable to acid, and this explains why the 
reaction is not reversed either by distillation with 
phosphoric acid or in the hydrolysis of the wool 
prior to tyrosine analysis. 

The failure of formaldehyde to bring about cross- 
linking in acetylated wool can be the result of either 
the blocking of the amino groups or of the hydroxyl 
group in tyrosine. It is impossible to establish if the 
latter is acetylated; any O-acetyl groups formed 
would be removed by hydrolysis during the analysis 
for tyrosine. The change in alkali titration curve 
shows that formaldehyde reacts with the amino 
groups. It is clear, however, that formaldehyde does 
not combine with the tyrosine in acetylated wool 
(Table 5). Consideration of the facts made it highly 
probable that the new cross-link formed is between 
the «-amino group of lysine and the 3-position in the 
phenol radical of tyrosine: 


i 
CO 
- 
NH _ 
H—CH,<_—OH / 
co =o co 
NH ‘i NH 


NH—CH,—(CH,),—CH 
eo 

NH 

- 


Methylolamines in proteins though stable to alkali 
are hydrolysed by acids (Fraenkel-Conrat, Cooper & 
Olcott, 1945) and the cross-link is probably broken at 
the —CH,—NH— bond. The formaldehyde re- 
mains in the protein as a methylol tyrosine. It is of 
interest to note that the irreversible weight in- 
creases obtained on treating wool with formalde- 
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hyde are of the order theoretically required for the 
postulated link. Complete reaction with tyrosine 
would require a 0-45 % weight increase, with lysine 
0-35 %, and those obtained were in the region of 
0-4 %. 

It is also interesting that the formaldehyde re- 
action decreases supercontraction brought about by 
bisulphite, but does not influence contraction in 
lithium bromide solution. Alexander (1950a, b) has 
shown that the physical properties of wool fibres 
suggest a structure of polypeptide chains held to- 
gether by hydrogen bonds in micelles which are 
linked to one another by disulphide bonds. Super- 
contraction can then be brought about either by 
breaking intermicellar disulphide bonds (e.g. by 
bisulphite) or intramicellar hydrogen bonds (e.g. 
with lithium bromide solution). The new cross-link 
appears therefore to be formed between micelles and 
not within the micelle. 


SUMMARY 


1. Wool combines irreversibly with formalde- 
hyde at low concentrations in neutral solution at 60°. 
It is suggested that new cross-links are formed which 
increase the resistance to alkaline degradation, 
prevent supercontraction and increase the tensile 
strength of the fibres. These effects are reversed 
by hot solutions of pH<3 without, however, 
liberating the formaldehyde. The links are stable 
to alkali. 

2. From analytical data and from the effects of 
formaldehyde treatment of chemically modified 
wools, it seems probable that formaldehyde forms 
cross-links between phenyl groups from tyrosine and 
e-amino groups from lysine. These are broken by acid 
without liberation of the formaldehyde, which 
remains in the wool as methylol tyrosine. 


The authors wish to thank Dr O. E. Ford for determining 
the acid-alkali titration curve, Mr D. Gough for carrying out 
the tyrosine analyses, and Messrs Wolsey Ltd., Leicester, for 
permission to publish this work. 
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The Virulence-Enhancing Factor of Mucins 
3. FURTHER FRACTIONATION OF HOG GASTRIC MUCIN; 


AN ADDITIONAL FACTOR IN THE 


ADJUVANT ACTION 
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(Received 17 July 1950) 


The first two papers in this series (Smith, 1950a, b) 
described a biological assay of the virulence-en- 
hancing activity of mucins for bacteria, and the use 
of this assay in preliminary fractionation of hog 
gastric mucin for a factor responsible for such 
activity. A fraction was obtained which was only 
sparingly soluble in water at pH 7, and which, 
although active alone, showed a far greater activity 
when suspended in an inert viscous solution such as 
gum tragacanth, agar or semi-pure blood-group sub- 
stance. It was suggested that the viscosity of the 
medium probably delays the absorption and in- 
activation of the active factor by the host at the site 
of injection. 

The present paper describes further purification of 
the virulence-enhancing factor to a stage where some 
insight into its chemical nature has been obtained, 
although it is still not homogeneous. This purification 
has lead to the recognition of a further factor having 
an adjuvant action. It is becoming increasingly 
evident, therefore, that the virulence-enhancing 
action of hog gastric mucin is due to the specific 
active factor in association with other non-specific 
physical factors which are necessary for the full 
manifestation of its activity. 

The difficulty in maintaining the factors having an 
adjuvant action at a constant value in the biological 
assay, while studying fractions in the purification of 
the virulence-enhancing factor proper, is one of the 
major problems of this work. 


EXPERIMENTAL AND RESULTS 
Activities are given in ‘Wilson units’ by direct com- 


parison with a standard mucin, with fiducial limits 
in brackets for P= 0-95. 


Modification of the biological assay of 
virulence-enhancing activity 


The evidence that the semi-pure blood-group substance, 
which retains the viscosity of the original mucin, exerts its 
adjuvant action on the virulence-enhancing factor by virtue 
of this viscosity is further strengthened by the following 
experiments. 

Semi-pure blood-group substance (40 g.), prepared as 
described before, was further fractionated with ethanol from 
90 % phenol solution as described by Morgan & King (1943). 
The following fractions were obtained: (1) insoluble in 90% 
phenol, 15 g.; (2) precipitated by 10% (v/v) ethanol, 9-4 g.; 
(3) precipitated by 25% (v/v) ethanol, 2-9 g.; (4) precipi- 
tated by pouring the mother liquor into excess ether, 2-2 g. 

The same concentration of a virulence-enhancing fraction 
was suspended in solutions of the original semi-pure blood- 
group substance, and of the first three fractions: the vis- 
cosities of the suspensions were maintained constant by 
varying the concentrations of the different fractions. Table 1 
shows that the activity of the virulence-enhancing fraction is 
the same, irrespective of the concentration and nature of the 
fraction, aslongas the viscosity is thesame. It wasimpossible 
to use fraction 4 because a large proportion of it was in- 
soluble, and a 5% (w/v) suspension had a viscosity scarcely 
greater than water, and it was toxic to mice. 

In view of the adjuvant action on the virulence-enhancing 
factor of the viscosity of the original mucin, it was essential 
in future assays that this adjuvant action should remain 
constant. The viscosity of all test solutions for injection has 
therefore been maintained at an approximate standard 
value by adding very dilute tragacanth mucilage. Viscosities 
were determined at 37° in an Ostwald viscometer. Since 
only approximate values are needed, the small differences in 
density of various dilute aqueous solutions were neglected, 
and viscosities were quoted as times in seconds to flow through 
the same viscometer. The viscosity chosen as the fixed figure 
was the mean of those of the 1-75% (w/v) (140 sec.) and 
1-25 % (w/v) (75 sec.) ‘standard mucin’. Workable limits on 
this figure were 90-125 sec. and the viscosity is about seven 
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Table 1. Activities of a sample of virulence-enhancing fraction suspended in different fractions 
of the semi-pure blood-group substance 


(Controls without organisms ruled out toxicity of any of the samples, and results of these controls and normal results 
obtained for bacterial counts and ‘standard mucin’ death rates are not given in the table.) 


Solution injected with 5000 Bact. typhosum 
Hn 





c . Viscosity of suspension No. of 
Virulence-enhancing Semi-pure blood-group relative to the original deaths in a 
factor substance fraction semi-pure blood-group _ batch of Activity in 
(concentration %, w/v) (concentration %, w/v) substance suspension twenty mice ‘Wilson units’ 
0-25 Original sample, 2-5 1-00 14 4-7 (2-1-8-4) 
Nil Original sample, 2-5 Nil 
0-25 Fraction 1, 1-5 1-05 11 4-0 (1-6-6-7) 
Nil Fraction 1, 1-5 Nil 
0-25 Fraction 2, 2-0 1-00 ll 4-0 (1-6-6-7) 
Nil Fraction 2, 2-0 Nil 
0-25 Fraction 3, 3-0 0-85 13 5-3 (2-7-9-5) 
Nil Fraction 3, 3-0 2 


times that of water, and about half that of the original crude 
mucin. 

The solution or suspension of the mucin fraction was made 
up at double the strength required for injection, the pH was 
adjusted to 7, and after heating to 60° for 0-75 hr., it was 
cooled and mixed with an equal quantity of a similarly 
treated tragacanth solution of double the strength required 
to give the correct viscosity in the final solution. The viscosity 
of aqueous tragacanth is decreased on adding the sample of 
virulence-enhancing factor, and this decrease depends on the 
nature and strength of the particular mucin fraction. As a 
result of preliminary tests the tragacanth concentration was 
varied from 0-11 to 0-16 % (w/v), according to the mucin, in 
order to maintain the viscosity within the above limits. 
Adequate tests on several batches of twenty mice showed that 
5000 Bacterium typhosum in 0-16 % (w/v) tragacanth did not 
kill any mice. 

Nine parts of the final solution were added to one part of 
tryptic meat broth suspension of organisms, before in- 
jection. To avoid routine determination of viscosities on 
solutions containing virulent Bact. typhosum, it was assumed 
that when the same proportion of the same organism sus- 
pension was added to each solution, the slight change in 
viscosity will be the same for all solutions. 

The activity of important fractions was also checked 
using the limited supply of semi-pure blood-group substance 
to maintain the standard viscosity. 


Purification of the virulence-enhancing factor 


Essential steps in the preliminary separation of the 
virulence-enhancing factor are as follows: (1) autolysis of 
fresh hog stomach mucosae at pH 3 for 1 week; (2) precipita- 
tion of the whole autolysate by ethanol; (3) extraction of fat 
with dichlorethylene; (4) extraction of extraneous material 
by water at pH 6; (5) solution in saturated aqueous sodium 
salicylate and precipitation with ethanol. The material 
obtained was practically insoluble in water at pH 7, and by 
no means completely soluble at pH 12. 

Attempts to use organic solvents for solution and fractionation 
of the virulence-enhancing fraction. Many solvents were 
examined; 90% phenol, m-cresol, and saturated aqueous 
solutions of guanidine hydrochloride, chloral hydrate, urea 
and resorcinol all dissolved most of the material. However, 
attempts to fractionate at 0° from these solvents were un- 


successful because the fractions did not separate cleanly, 
and the residue after the initial solution always retained a 
high proportion of activity. 

Extraction of the active material by stirring at 37° with 
sodium bicarbonate, followed by sodium carbonate. As sug- 
gested before (Smith, 1950), the apparently sparing solu- 
bility of the active material in water at pH 7, or in organic 
solvents; might be due to strong adsorption on to insoluble 
protein-like material. Experiments were therefore carried 
out to remove the insoluble protein by tryptic hydrolysis. 
However, the recovery of activity was higher in blanks con- 
taining no trypsin, and it was concluded that a slightly 
alkaline medium at 37° extracts the active material, which is 
then largely destroyed by the trypsin. Further experiments 
established the following process for alkaline extraction, 
which was carried out on material obtained after stage 4 in 
the preliminary purification. 

The active material from two hundred hog stomach 
mucosae (170-190 g.) in 2% (w/v) concentration was stirred 
with 1% NaHCO, and 0-1% toluene at 37° for 24 hr., the 
initial pH being approximately 6-5—7-0 and the final pH 8-5- 
9-0. The suspension was passed through a Sharples centri- 
fuge. To the cooled supernatant 95% of the theoretical 
quantity of 5n-H,SO, necessary to neutralize the bicarbonate 
was added, and the whole freeze-dried. The residue was 
homogenized in a volume of 1% Na,CO;, containing 0:1% 
toluene, equal to the volume of the NaHCO, solution first 
used, and stirred at 37° for a further 24 hr. (pH 10-0-10-5). 
The suspension was passed through a Sharples centrifuge 
and the supernatant neutralized and freeze-dried. The 
combined freeze-dried materials were mixed with water 
(1:5 1.) and dialysed against distilled water until free from 
sulphate. Tests showed that the active material did not 
dialyse through the bag. The contents of the dialysis bag 
were then freeze-dried. Yield 75-80 g. In six separations 
carried out by this method the recovery of activity (caleu- 
lated from most probable activities) in this fraction 
(fraction I) varied from 48 to 92 % of the origina! ; in a typical 
separation from an original crude mucin of activity 5:5 
(4-6-6-6) ‘Wilson units’, the activity of fraction I was 8-0 
(6-9-9-3) ‘ Wilson units’. The residue was homogenized with 
water and freeze-dried. (Yield 90-100 g.) Only rarely was 
slight virulence-enhancing’ activity detectable in these 
residues before toxic concentrations were reached. 
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Purification of the virulence-enhancing factor by solution at 
pH 9 and precipitation at pH 5. Fraction I contained material 
insoluble at pH 9, some of which was relatively easy to 
remove by centrifugation; the remainder was very finely 
divided material which could only be removed by prolonged 
centrifugation at very high speed. The separation of the 
fraction soluble at pH 9-0 and insoluble at pH 4-9-5-0 
(fraction IIc), was therefore carried out in two stages: first 
a bulk separation involving one solution and precipitation 
(fraction II), and then a final purification involving high- 
speed centrifugation at pH 9. 

In 2.5% (w/v) concentration fraction I (75-80 g.) was 
stirred with water and the pH adjusted to 9-0 (+0-05) with 
2n-NaOH. The bulk of the material went into solution, and 
the mixture was left in the refrigerator overnight. It was 
then passed through the clarifying bowl of the Sharples 
centrifuge at an approximate rate of 2 1./hr. The residue in 
the centrifuge bowl was homogenized with water, and freeze- 
dried. (Fraction III. Yield 9-12 g.) The pH of the super- 
natant was adjusted to 4-9-5-0 with 2 N-acetic acid and the 
mixture left in the refrigerator overnight. The precipitate 
was collected in the clarifying bowl of the Sharples centri- 
fuge, homogenized with water and freeze-dried. (Fraction 
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II. Yield 30-35 g.) The supernatant at pH 5 was freeze- 
dried. (Fraction IV. Yield 28-32 g.) The activities of these 
fractions for several such separations are given in Table 2 

Fraction II above (30-35 g.) in 5% concentration at pH 9 
was centrifuged at 45,000-50,000 rev./min. (approx. 
50,000 g) for 2 hr. in the batch bowl of the Sharples centri- 
fuge, which had been refrigerated so that the liquid in the 
bowl was at 0-5°. The supernatant was adjusted to pH 4-9- 
5-0 and the precipitate collected as described above. The 
process of solution and centrifugation at pH 9 and precipita- 
tion at pH 4-9-5-0 was repeated twice, but each time the 
concentration was increased to 7-5 % (on the original solid) 
and the time of centrifugation to 3 hr. Table 3 shows the 
activities of the following freeze-dried fractions: (1) Fraction 
Ila, residue at pH 9 after washing twice with water; yield 
1-5-2-5 g. (2) Fraction IL}, soluble at pH 5; yield 11-14 g. 
(3) Fraction IIc, soluble at pH 9-0, insoluble at pH 4-9-5-0; 
yield 9-5-11 g. (4) A second crop (fraction IId) obtained 
from the washings of the residue at pH 9 by precipitation at 
pH 4-9-5-0; yield 3-5 g. In routine use of this method 
fractions IT 6 and IId, which inevitably retain some activity, 
are not discarded but added to the next batch at the stage of 
the separation of fraction IT. 


Table 2. Activities of fractions in the separation of the fraction II 


(Some fractions have been assayed by two methods. Method 1, by injection in a medium of constant viscosity alone: 
Method 2, with addition of a constant amount (0-2%, w/v) of the same sample of well washed residue insoluble at pH 9. 
Assay results by method 1 on fraction III are comparable to those by method 2 on the rest of the samples.) 


Percentage activity 
recovered (calculated 
from yields and most 

probable activities) 





Activity in ‘Wilson units’ A. 
Method a . \ Total in In 
of assay Fraction I Fraction III Fraction IV Fraction II all fractions fraction II 
Less than 
ry 8-0 (6-9-9-3) Lees than fa (4-5-0) 10-1 (8-9-11-5) i 52 
2) 6-2 (5-1-7-5) | a rg 
10-8 (8-3-14-2) — 55 
1 , cee 4-0 (2-8-5: 9-2 (6-5-12-9) 81 54 
4 6-8 (5-4-8-6) 4-9 (3-5-6-7) | sl 107 (8-4-13-8 = a 
1) le aa ee (4-2 (2-4-5-9) 8-0 (6-1-10-4) 81 49 
2) 6-9 (5-4-€-8) 6-2 (47-83) (88 te8-11-4) 11-1 (8-5-14-5) 118 63 
1 5 a m ° x 9 en = 1m 
2 } 6-5 (49-86) 47 (86-62) {8 8:5 (6-7-10-9) 108 (8-5-13-9) 127 68 


Table 3. Activities of fractions in the purification of the fraction II by high-speed centrifugation 


(Remarks as in Table 2.) 


Percentage activity 
recovered (calculated 
from yields and most 
probable activities) 





me OF 
Activity in ‘Wilson units’ Total In 
Method - A— + in all fractions IIc 
of assay Fraction II Fraction Ila Fraction IIb Fraction IIc Fraction IId fractions and IId 
Less than 
1 10-1 (8-9-11-5) 4.5 (9.96.1) F2(2247) 9-3 (8-1-106) inte ~~ 41 
2 10-8 (8-3-14-2) ee — 22-0 (16-4-30-0) - -—- 92 
1 9-2 (65-129) - 9 94 a4, 47 (36-60) 7:8 (6-5-9-3) 6-5 (3-4-8-7) 53 37 
2 10-7 (84-138) °°0 (34-64) a 16-7 (14-5-19-2) nl ins Over 57 
l 8-0 (61-104) 3.9 1g 4.9) FI(I643) 5-7 (45-71) 6-1 (3-1-8-3) 41 20 
2 11-1 (85-145) >? ( ~) 97 (75-125) 20-5 (172-245) 16:1 (12-4-21-0) 87 47 
: = 4-2 (3-1-5-6) og to — — 
2 10-8 (8-5-13-9) 7-8 (6-1-10-0) 16-8 (7: 6-25 *8) 12-4 (9-4-16-3) 94 64 


The adjuvant action of the residue 
insoluble in water at pH 9 





When samples of the fractions II and IIc were 
assayed by method 1 (Tables 2 and 3), in which the 
normal procedure of injection alone in a medium of 
constant viscosity was adopted, two important 
points emerge. (i) The recovery in fraction II of 
activity originally present in fraction I was satis- 
factory (about 50%). This fraction still contained 
some finely divided residue insoluble at pH 9. 
(ii) After further purification of fraction IT by high- 
speed centrifugation, both the total recovery of 
activity, and the activity recovered in fraction IIc, 
was very low. 

The following experiments show, however, that 
the residue at pH 9 has an adjuvant effect on the 
activity of fraction IIc. Redetermination of activi- 
ties with the addition of a constant amount of the 
washed residue, insoluble at pH 9 (method 2), 
eliminated the above discrepancies in recovery. The 
small activities of these residues shown in Tables 2 
and 3 (fractions IJI and IIa) could be reduced to 
very low figures (1-3—1-7 ‘Wilson units’) by repeated 
washing in large volumes of water at pH 9. It was 
impossible to remove the activity entirely by as 
many as eight washings, or even by autoclaving and 
washing twice with hot water. 

Comparison of activities of fraction IIc when 
injected alone in a medium of standard viscosity, and 
when residues insoluble at pH 9 was added. The 
sample of washed residue (0-8%, w/v) was mixed 
with an equal volume of a solution of fraction IIc of 
four times the concentration needed for final in- 
jection, and adjusted to pH 7-0—7-2. After shaking 
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together overnight so that any adsorption could take 
place, the mixture was heated at 60° for 0-75 hr., 
cooled and mixed with an equal volume of traga- 
canth mucilage to give the standard viscosity, and 
tested as usual. Batches of mice were injected with 
the residue alone and with fraction IIc, and adequate 
controls without organisms were also injected. 

Table 4 shows the results of the combination of 
two different samples of fractions IIc with three 
different residues. 

It will be noted that 0-2 % (w/v) of the residues 
alone, in a medium of constant viscosity, may kill a 
very small number of mice. 

Comparison of activities of fraction IIc when in- 
jected alone in a medium of standard viscosity, and 
when different samples of known adsorbents are added. 
The residue insoluble at pH 9 used in the previous 
experiments was replaced by four adsorbents: 
activated charcoal, kaolin, fuller’s earth and tale. 
Exactly the same experimental procedure was used, 
and it is obvious from Table 5 that these substances 
have a similar adjuvant action. 

Adsorption of the virulence-enhancing factor by the 
residue insoluble at pH 9. A solution containing 
0-4% (w/v) of washed residue and twice the con- 
centration of virulence-enhancing factor needed in 
the final solution was shaken at room temperature 
overnight and heated at 60° as described before. In 
addition, a 0-4% (w/v) suspension of residue in 
water was treated likewise. Taking aseptic pre- 
cautions, some of each suspension was centrifuged in 
an angle centrifuge. The supernatant of one was 
added to the residue of the other, and the two 
mixtures were thoroughly homogenized by vigorous 
shaking with glass beads. All four solutions were 


Table 4. Comparison of the activities of fraction IIc injected alone in a medium of standard viscosity, 
and with residue insoluble at pH 9 


(Controls without organisms ruled out toxicity of any of the samples, and results of these and normal results obtained for 
bacterial counts and ‘standard mucin’ death rates are not given in the table.) 


Solution injected with 5000 Bact. typhosum 


in a medium of standard viscosity 
AW 








f a eee 
Fraction IIc Residue No. of deaths Activity of 
— — A + in a batch of fraction IIc 
Sample % (w/v) Sample % (w/v) twenty mice in ‘Wilson units’ 
0-15 Nil Nil 5 ) 
0-075 Nil Nil Nil, 1/ eee 
Mucin 258 <4 0-075 Residue 1 0-2 12 20-5 (15-1-27-7) 
0-075 Residue 2 0-2 9, 5, 8 15-9 (13-2-19-0) 
‘0-075 Residue 3 0-2 rj 15-7 (11-5-21-5) 
0-15 Nil Nil 6 , 
0-075 Nil Nil 1, 3,2 5-7 (4:5-7-1) 
Mucin 268 | 0-06 Nil Nil Nil, nil, 2 j 
0-075 Residue 1 0-2 12 18-8 (13-9-25-4) 
0-06 Residue 2 0-2 7 19-6 (14-3-26-9) 
0-06 Residue 3 0-2 ll 23-3 (17-2-31-7) 
Nil Residue 1 0-2 2 ; — 
Nil Residue 2 0-2 2, nil, 2, nil — 


Nil, 1 — 


Nil Residue 3 0-2 











St | Vol. 48 VIRULENCE-ENHANCING FACTOR OF MUCINS 445 
uke 
rr., Table 5. Comparison of the activities of fraction II c injected alone in a medium of standard viscosity, 
za. and with different adsorbents 
= (Remarks as in Table 4.) 
it 
wre Solution injected with 5000 Bact. typhosum 
in a medium of standard viscosity 
c —- \ 
of Fraction IIc Adsorbent No. of deaths Activity of 
ee in a batch of fraction IIc 
Sample % (w/v) Sample % (w/v) twenty mice in ‘ Wilson units’ 
0-15 Nil Nil 5 
ve 0-075 Nil Nil 1, nit f 79 ORO 
& Mucin 258 0-075 Activated charcoal 1-0 11 17-8 (13-0-24-3) 
? 0-075 Kaolin 1-5 16 30-4 (21-3-43-3) 
n- 0-075 Fuller’s earth 1-0 5 13-5 (9-6-19-0) 
- 0-075 Tale 2-0 10 23-5 (17-0-32-3) 
d, 0-15 Nil Nil 6 oye 
a 006 ~—iNil Nil Nil, nil, 2} ar 
Mucin 268 0-06 Activated charcoal 1-0 10 28-6 (21-0-39-0) 
8: a 0-06 Kaolin 1-0 6 18-3 (13-3-25-2) 
le. 0-06 Fuller’s earth 1-0 4 21-5 (15-3-30-1) 
d, 0-06 Tale 2-0 6 23-9 (17-4-32-9) 
es Nil Activated charcoal 1-0 Nil _- 
Nil Kaolin 1-5 Nil — 
h Nil Fuller’s earth 1-0 1 — 
. Nil Tale 2-0 1 _- 
1g 
n- 
i Table 6. Adsorption of the virulence-enhancing factor by the residue insoluble at pH 9 
re (General remarks as in Table 4. The numbers quoted are the numbers of deaths in batches of twenty mice. Exps. 1-3 
n were done with mucin 258 (0-075 %, w/v) and residue 2 (0-2%, w/v) and Exp. 4 with mucin 268 (0-06 %, w/v) and residue 3 
n (0-2%, w/v).) 
3 Solutions injected with 500 Bact. typhosum 
in a medium of standard viscosity 
n ss 
i \ 
iS A B Cc D 
0 Exp. Virulence-enhancing Residue Supernatant A Residue A and 
iS no. factor and residue alone and residue B_ supernatant from B 
1 9 2 5 + 
r 2 s Nil 3 2 
3 5 2 7 3 
4 ll 1 10 + 





then diluted with an equal quantity of tragacanth 
mucilage to give the standard viscosity, and in- 
jected together with five thousand Bact. typhosum. 

Table 6 shows the result of four such experiments, 
three using the same residue and fraction IIc, and 
one using a different residue and fraction IIc. The 
results of individual experiments are not significant, 
but statistical analysis by my colleague Mr S. Peto, 
using probits of the death rates, of a combination of 
all four experiments shows that: (i) the test for the 
occurrence of a drop in activity of the supernatant 
combined with a gain in activity by the residue, is 
highly significant (greater than 100-1); (ii) the loss 
in activity from the supernatant to the residue is 
somewhere between 15 and 56 % of the whole, with a 
most probable figure of 37 %. In the removal of the 
supernatant from the residue no washing of the 
latter was carried out, but the amount of super- 
natant solution adhering mechanically to the residue 
could not have exceeded 5%. 


Chemical investigation of material soluble at 
PH 9 and insoluble at pH 5 


The quantitative results are for one sample, but 
several samples have been examined by the methods 
described with similar results. 

Physical form and solubility in water. The material was a 
grey amorphous powder sparingly soluble in water at pH 
values lower than 5. It was practically insoluble in dil. HCI 
and H,SO,, and in 1 in 5000 solution it was easily detected by 
the turbidity produced on acidification. Above pH 5 the 
solubility increased with rise of pH, being 0-5-1 % (w/v) at 
pH 7 and greater than 10% (w/v) at pH 9. When the pH of 
an alkaline solution was lowered there was a strong tendency 
to form a supersaturated solution. 

Elementary analysis. C, 50-7; H, 7-5; N (Dumas) 14-8; N 
(Kjeldahl) 13-8; S, 1-96; ash, 0-66%. Emission spectroscopy 
in a carbon arc on the original sample (not the ash) showed 
the presence of 0-1 % of Mg and P, and faint traces of Fe, Si, 
Sn, Cu, Pb, Al, Ag and Ca. 

Protein-peptide reactions and analysis. (i) «-Amino 
nitrogen. After hydrolysis with 6N-HCl overnight at 100° in 
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a sealed tube, the method of Van Slyke detected 108% of 
a-amino-N and the ninhydrin method 10-3%. Before 
hydrolysis the method of Van Slyke detected 1:10% of 
a-amino-N (and/or lysine e-amino-group) and the ninhydrin 
method indicated the absence of «-amino-N. 

(ii) Colour reactions. The Millon, xanthoproteic, Ehrlich, 
Sakaguchi, Hopkins-Cole and biuret reactions were positive. 

(iii) Precipitation reactions. A dilute solution of the 
material at pH 7 gave precipitates with solutions of HgCl,, 
AgNOs, lead acetate, trichloroacetic acid, phosphomolybdic 
acid and phosphotungstic acid. 

(iv) Two-dimensional paper chromotography. The material 
was hydrolysed as described above, and the excess HCl 
removed under reduced pressure. A two-dimensional paper 
chromatogram was made using phenol and collidine as 
solvents and ninhydrin as developer. Comparison with a 
known mixture of amino-acids showed the following to be 
present: aspartic acid, glutamic acid, serine, glycine, 
threonine, alanine, cystein, histidine, proline, valine, 
phenylalanine, tyrosine, arginine and/or lysine, and leucine 
and/or isoleucine and/or methionine. 

Carbohydrate reactions and analysis. (i) Analysis by the 
quantitative Molisch reaction of Krainick (1941) gave a total 
carbohydrate content of 6% calculated as glucose, and by 
the orcinol method of Serensen & Haugaard (1933) 5%. 
Glucosamine gave no reaction in these methods. 
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Fig. 1. Electrophoresis patterns of a 1% solution of 
fraction IIc in a glycine (0-2M), sodium chloride (0-2 m) 
solution adjusted to pH 9-0 with 0-2N-NaOH. Current= 
10 ma. Exposure 202 min. after starting the current. 


(ii) Hexosamine reaction. After hydrolysis by acid the 
method of Elson & Morgan (1933) gave a figure of 3% 
calculated as glucosamine. Immers & Vasseur (1950) report 
that sugar-amino-acid mixtures give false hexosamine 
colours in the above reaction. These false colours can, 
however, be distinguished by two methods. They are pro- 
duced if the acetony] acetone is left out of the method above, 
and if it is included, increasing its concentration in the 
original reagent solution above 0-8 % markedly decreases the 
colour formed. No such behaviour was observed in the above 
reaction. 

Electrophoresis. Fraction IIc was examined by my 
colleague Dr B. R. Record in the Tiselius electrophoresis 
apparatus at 0° in a glycine-sodium chloride buffer at pH 9-0. 
Fig. 1 shows that the migration is anodic and occurs as one 
peak, except for a small amount of material which shows on 
the descending boundary only. A similar result was obtained 
at 05% concentration in a phosphate buffer of J=0-2 at 
pH 8-0. The sparing solubility of fraction Ile below pH 7 
precluded an examination on the acid side. 
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Ultracentrifuge. Through the kindness of Dr J. M. Creeth 
of the Courtauld Institute of Biochemistry, fraction IIc was 
examined in the Spinco ultracentrifuge at 60,000 rev./min. 
(approx. 210,000 g). A 0-5% (w/v) solution in glycine- 
sodium chloride buffer at pH 9 was used. About 75% of the 
material was of low molecular weight and the peak corre- 
sponding to this component did not separate completely 
from the meniscus. The remainder was of considerably 
higher molecular weight, and soon settled as a yellow deposit 
on the bottom of the cell. 


DISCUSSION 


It was reported earlier (Smith, 19506) that the 
virulence-enhancing fraction could be separated 
from materials giving rise to the viscosity in the 
original mucin, by extraction of the latter with 
water at a slightly acid pH. This paper describes the 
separation from contaminating insoluble matter of 
the virulence-enhancing fraction, in a form fairly 
soluble at pH 7, by extraction at a slightly alkaline 
pH. 

It has been shown that, in addition to the adjuvant 
action due to the non-specific physical effect of the 
viscosity of the original mucin, an additional ad- 
juvant action is exerted by the insoluble residue. The 
activity of the purified virulence-enhancing fraction 
in a medium of constant viscosity is increased 
approximately three times by the inclusion of a 
small amount of residue in the solution injected. 
Activities of approximately 20 ‘Wilson units’ have 
been obtained consistently, indicating a concentra- 
tion of activity of at least sixty times that of the 
original crude mucin (0-34 ‘Wilson units’—Smith, 
19506), because the standard viscosity used in the 
assay is about half that of the original mucin. 

It is probable that, unlike the viscosity, this 
second factor in the adjuvant action is produced as 
an ‘artifact’ during the initial extraction process, 
but naturally occurring mucus is rarely clear. The 
adjuvant action of the residue is probably non- 
specific, since activated charcoal, kaolin, fuller’s 
earth and tale produced a similar effect. It is prob- 
able that these absorbents maintain the virulence- 
enhancing fraction at the site of injection, thus 
delaying its assimilation by the host. 

Experiments showed that in fact the residue can 
absorb some activity from a solution of the specific 
factor. The small activity which the residue retained 
after thorough washing at pH 9, and even after 
autoclaving and washing with hot water, may be due 
to strong adsorption of the virulence-enhancing 
factor. On the other hand, it is possible that the 
residue itself, in a medium of constant viscosity, may 
have some slight action on the body defences in vivo. 
It has already been pointed out (Smith, 19506) that 
if the viscosity is increased to a very large value, 
e.g. 2,4.and 10 % (w/v) agar (Anderson & Oga, 1939), 
6% (w/v) starch paste (Robertson & Fox, 1939), 
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2:5% (w/v) tragacanth (Steinberg, 1931) and 5% 
(w/v) tragacanth (Benians, 1924), a small virulence- 
enhancing action results. It is quite possible, there- 
fore, that both the viscosity and the residue may 
affect the host defences in vivo, quite apart from 
delaying the adsorption by the host of the virulence- 
enhancing factor proper. 

A further interesting point has emerged in con- 
nexion with the adjuvant action of the residue in- 
soluble at pH 9. The toxicity of the crude mucin at 
concentrations two to three times those needed for 
enhancing virulence was noted by Smith (1950a). 
A dose of the virulence-enhancing factor about three 
times greater than that needed to show virulence 
enhancement when in combination with the residue 
at pH 9 is non-toxic when injected alone in a medium 
of standard viscosity. If injected with the residue, 
which is also completely non-toxic alone, the dose is 
slightly toxic. 

The reactions and analysis of fraction IIc suggest 
at present that the virulence-enhancing factor is 
predominantly peptide in nature; the slightly low 
nitrogen content and the positive carbohydrate 
reactions indicate, however, that about 5-10% of 
carbohydrate residues are also present. The presence 
of only a trace of phosphorus rules out nucleo- 
proteins, a fact that had already been indicated by 
negative animal tests on samples of undegraded 
thymus deoxypentosenucleic acid and _nucleo- 
protein. 

Although in the electrophoresis apparatus one 
peak accounts for the migration of all but a very 
small proportion of the material, which shows on one 
side of the U-tube only, the heterogeneity of 
fraction IIc is demonstrated by the ultracentrifuge. 
The molecular weight of the active material is 
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sufficiently high to prevent it passing through cello- 
phan on dialysis. 

Purification of the virulence-enhancing factor is 
being continued. 


SUMMARY 


1. The biological assay of virulence-enhancing 
activity (Smith, 1950a) has been modified ; a medium 
of standard viscosity is now used for all solutions 
injected. 

2. The virulence-enhancing factor has been 
further purified from insoluble material, and is of 
predominantly peptide nature, but a small propor- 
tion of carbohydrate residues is present. The 
material is still heterogeneous by ultracentrifugal 
analysis. 

3. The insoluble residue separated from the 
virulence-enhancing fraction has an adjuvant 
action on the activity of the latter, in addition to that 
due to the viscosity of the original mucin. The same 
adjuvant action is shown by known adsorbents, 
namely activated charcoal, kaolin, fuller’s earth and 
tale. 

4. The nature of this second adjuvant action is 
discussed. 

5. The activity of the specific virulence-enhancing 
factor is only fully manifested when in association 
with other non-specific physical factors. 


It is a pleasure to record my gratitude to Mr J. 8. Stanley, 
Miss P. Hollis and Mr R. C. Gallop for excellent technical 
assistance, without which this work would not have been 
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for micro-analysis. 
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A Statistical Evaluation of the Lipotropic Action of Inositol 
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Investigators experienced in the field of lipotropic 
phenomena are aware that large, and as yet un- 
explained, variations may occur in the amount of fat 
deposited in the livers of rats consuming hypolipo- 
tropic diets. One of the earliest papers on this 
subject (Best, Hershey & Huntsman, 1932) reported 
a wide range of values (8-30 %) for the crude fatty 
acids in livers of rats on a mixed grain, high fat diet. 
Later, Best & Huntsman (1935) presented a graphic 
representation of the variations encountered in some 
of their experiments, and Beveridge & Lucas (1945) 
used the same technique to emphasize the great 
variability in the amount of fat accumulating in the 
livers of animals receiving hypolipotropic diets 
supplemented with inositol. 

In spite of this well known variability, reports of 
lipotropic studies may be found in the literature in 
which only a small number of animals have been fed 
the test rations. Some workers have routinely used 
as few as five, or even three, animals on each diet. 
Where very large differences in liver fat are observed 
consistently between the test and control groups, the 
results may be accepted without hesitation, but 
frequently the differences are much too small to 
warrant the conclusions reached. Even with groups 
consisting of ten, fifteen or twenty rats, numbers 
that are commonly used in this laboratory, it has 
sometimes been difficult to decide whether or not the 
results of a particular treatment had any physio- 
logical significance because the differences in liver fat 
content between the controls and treated groups 
were small and erratic. Because extraction and 
analysis of large numbers of individual livers is so 
time-consuming, pooling of the livers of each group, 
before extraction, has been frequently practised in 
this and other laboratories. The mean values may 
thus be obtained with a minimum of labour, but then 
no data on the variability are available. One cannot 
assess the statistical significance of the differences 
between the means of the different groups without 
knowing the standard deviations. This matter has 
been of special interest to us in connexion with the 
assessment of the lipotropic activity of inositol in 
diets containing different kinds and amounts of 
fat. 

The lipotropic effect of inositol observed in fat- 
free diets appears to be interfered with by the 
presence of corn (maize) oil (Beveridge, 1944; 


Beveridge & Lucas, 1945; Handler, 1946). Although 
Beveridge & Lucas (1945) had used twenty rats per 
group, unfortunately the livers of the rats given the 
diets containing saturated fats were pooled before 
analysis, and a statistical test of the significance of 
the differences between the means could not be 
applied. For reasons which have been discussed 
elsewhere (Best, Lucas, Patterson & Ridout, 1946; 
Ridout, Lucas, Patterson & Best, 1946) over fifty 
separate experiments have been conducted in recent 
years, using from ten to thirty rats per group, in 
attempts to clarify the situation with respect to the 
lipotropic action of inositol. In some of these ex- 
periments different kinds and amounts of fat were 
included in the diets, and it became increasingly 
clear to us that the lipotropic activity of inositol was 
interfered with not only by corn oil, but by all 
dietary fats studied. Statistical support for this 
impression was lacking, however, since the livers in 
each group had been pooled for analysis. 

Later, several experiments with inositol were 
conducted in which individual livers were analysed. 
The wide variations observed in individual values 
for total liver lipids of rats on the inositol-supple- 
mented rations, as well as in those of rats on the basal 
diet, aroused curiosity as to the actual significance of 
the differences observed not only by Beveridge & 
Lucas, but in all the previous experiments. The data 
accumulated up to this point made it obvious that a 
satisfactory interpretation could be expected only if 
a large number of individual livers were examined 
and the results were subjected to statistical analysis. 
Our findings confirm the necessity for statistical 
treatment of the data obtained with inositol because 
of the small and erratic changes which it produces in 
total liver lipids. 

Several possibilities which might account for the 
extreme variability of the results were investigated 
and may be mentioned briefly. One of these was the 
unlikely possibility that commercial inositol may 
contain an unevenly distributed lipotropically- 
active contaminant. Finally, the interference of 
dietary fat either with the bacterial synthesis or 
absorption of inositol was considered. These several 
experiments, which have been conducted during the 
past 4 years, are now presented collectively, since the 
data may be of interest to others working in this 
field. 
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EXPERIMENTAL 


For the statistical assessment of the lipotropic activity of 
inositol 180 white rats of the Wistar strain, weighing 
75+ 10 g., were fed the same type of ration as was used by 
Beveridge & Lucas (1945), namely, casein, 8; gelatin, 12; 
sucrose, 72; salt mixture, 5; celluflour, 2; ‘vitamin powder’, 
1; cod liver oil concentrate, 0-015. (For details see Best, 
Lucas, Ridout & Patterson, 1950.) The rats were divided 
into three comparable groups. The first group (i.e. 60 rats) 
received the fat-free diet, the second was given the same diet 
to which had been added 2% of a saturated triglyceride 
fraction (I, val.=2) isolated from beef fat by repeated 
fractional crystallization from acetone, and the third group 
was given the same basal diet to which had been added 2% 
of corn oil (Mazola brand). One half of the animals in each of 
the above groups (i.e. 30 rats) was given a dietary supple- 
ment of 0-1% inositol. The diets were fed for 3 weeks, 
without the preliminary period of depletion adopted by 
some investigators (Gavin & McHenry, 1941; MacFarland & 
McHenry, 1945, 1948; Handler, 1946). The animals were 
kept in individual cages and ‘group pair-fed’ as described 
elsewhere (Best et al. 1946). Extraction of total liver lipids 
with hot ethanol, rectification of the crude lipid residue with 
light petroleum, and analytical details are described in the 
same publication. 

Smaller groups of rats (8 males, 8 females, 100-130 g.) 
were used to test the lipotropic activity of inositol (0-3 %) in 
diets containing: (1) 10% of a moderately saturated fat 
(hydrogenated cotton-seed oil, Crisco), (2) mixed fats 
(Crisco 10% and corn oil 2%). 

Commercial inositol (General Biochemicals, Inc.) was 
used for most of the work, but for the study of the possible 
presence of a lipotropic contaminant a sample of very highly 
purified inositol was obtained from Prof. H. O. L. Fischer, to 
whom we are most grateful. This material was prepared by 
several recrystallizations of a ‘pure’ commercial sample of 
the free hexitol from water, then from glacial acetic acid, 
conversion to hexapropionic ester, fractional distillation of 
the latter in high vacuum, hydrolysis and further recrystal- 
lization of the free hexitol. The lipotropic potency of this 
material was compared with that of the commercial inositol 
at a dietary level of 0-15% in rats (7 males and 8 females, 
100-150 g. per group) on the fat-free diet. 

Finally, variable absorption of inositol was considered as a 
possible cause of the spread in individual values. Since inter- 
ference of fat with the absorption of inositol might possibly 
explain its lack of lipotropic effect in diets containing fat, the 
lipotropic potency of inositol when injected subcutaneously 
was compared with that of equal quantities ingested with 
fat-free and fat-containing diets. Three groups of 10 rats 
each (5 males, 5 females, 80-100 g.) were fed the usual fat- 
free diet. One group served as a control. The second group 
received 0-16% inositol in the diet and the third group 
(started 3 days later) was injected subcutaneously with a 
solution of inositol containing 16 mg./ml. of physiological 
saline. These animals were group pair-fed with the second 
group, and the amount of inositol to inject was calculated 
from the amount of diet consumed by the former group of 
tats. Three other comparable groups of rats were fed the 
same basal diet in which 12 % fat (10% beef fat and 2% corn 
oil) was substituted for an equal quantity of sucrose. These 
tats were treated in a similar fashion to the rats on the fat- 
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RESULTS 


The results of the statistical assessment are shown 
graphically in Fig. 1, where total liver lipids as 
percentage of wet liver weight are given for individual 
rats. The effects of sex and of pooling of values may 
be seen at a glance. These data are condensed and 
analysed statistically in Table 1. Data from indi- 
vidual rats will be supplied upon request in a form 
enabling the results to be calculated to any desired 
basis. 

Attention is drawn to the difference in response of 
males and females to the basal diets. The significance 
of a sex difference in the response of older rats to 
hypolipotropic diets has not been generally recog- 
nized. 

Fat-free diets. The lipotropic effect of inositol in a 
fat-free diet was confirmed (cf. groups 1 and 2 in 
Table 1). The difference between the mean values for 
total liver lipids of all surviving rats in these two 
groups (20-1—-15-1=5-0) is statistically significant 
(P=0-002); essentially the same values and con- 
clusions are reached when data from all animals 
(from various experiments) fed a fat-free diet are 
pooled (see groups A and B in Table 1). 

Diets containing fat. When 2% of an almost com- 
pletely saturated, naturally occurring glyceride 
fraction from beef fat was added to the basal diet, no 
lipotropic effect of inositol could be detected (cf. 
groups 3 and 4 in Table 1). The lipotropic effect of 
inositol, when 2 % of corn oil is included in the diet, 
remains questionable, since the interpretation of 
these data for all rats (i.e. males and females) is 
ambiguous (groups 5 and 6, Table 1). The difference 
(3-1) observed between the means could occur by 
chance once in twenty trials. In diets containing 
10% of a hydrogenated vegetable fat (Crisco) 
inositol exhibited no lipotropie effect whatever 
(groups 7 and 8). The addition of 2 % corn oil to diets 
containing 10 % Crisco did not appreciably alter the 
picture (groups 9 and 10). 

Sex difference in lipotropic response. The data have 
been re-examined to find out whether there is any 
difference between male and female rats in their 
response to inositol, and if so, to assess the signifi- 
cance of any apparent differences. Cols. 5 and 7 in 
Table 1, giving the means with standard errors and 
numbers of test animals, supply the data necessary 
to make such comparisons and the other columns 
(4, 6, 8 and 9) give the probability of the differences 
observed being due to chance (sampling error). The 
data pooled under the headings groups A and B 
indicate that inositol exerts a small but statistically 
significant lipotropic effect in both male and female 
rats fed fat-free diets. 

In the case of diets containing the saturated fat 
(groups 3 and 4) no lipotropic action in the males was 
observed. In fact, the liver fat appeared to be in- 
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creased slightly, although the reality of this increase 
is doubtful (P=0-05). In the case of the females, 
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apparent in two cases (groups 3 and 5), and it is 
interesting to note that the sex difference appeared 
in the rats consuming the basal diets and not in those 
consuming diets supplemented with inositol. Both 
of these basal diets contained fat, and the data Fig. 1. Total liver lipids of rats on various diets. @, Indi- 
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Table 1. Assessment of lipotropic activity of inositol 


(The average daily food consumption of the rats in groups 1-3 was 7-2 g., in group 4 it was 7-8, in groups 5 and 6 it was 
8-0, in group 7 it was 9-4, and in groups 8-10 it was 10-1 g.) 
Total liver lipids (% wet weight) and their significance 
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: 2 3 4 5 6 a 8 9 
P of difference 
between sexes 
Group being due 
no. Type of diet All rats e Males r Females Fr to chance 
1 Fat-free 20-14 1-21 (27)*) 17-7+2-0 (11) 21-8+1-4 (16) P=01 
(7-2-31-5) | pg (72-257) oy (128-315) i ai 
2  Fat-free + 15-10-87 (29) | 14-24.0-84 (12) 15-84 1-4 (17) P=08 
inositol (03%)  (5-8-25-4) (9-7-20-3) (5-8-25-4) 
Aj Fat-free 19-440-71 (20), 0-001 18°5+1-0 (88) 1 9.991 20-2998 (42)) 9.915 P=0-25 
By Fat-free + 15-24. 0-62 (69) 13-90-72 a 16-70-99 (3 oa P=0-03 
inositol 
3 Saturated fat 2% 18-4-+41-1 (23) 15-90-89 (12) 21-2+1-6 (11) =e 
(10-2-31-4) 0.g  (10-2-20:3) 0.05 (ii2-81°4) i =Of 
4 Saturated fat+ 18-80-82 (29) 19-0+1+1 (18) 18-4+1-2 (11) P=0-75 
inositol (03%)  (11-3-28- 3) (11-3-28-3) (11-5-25-3) 
5 Cornoil(2%) 26-7. 1-1 (29) 24-2 41-4 (17) 30-2+1-1 (12) uma 
(16-2-38-4) 0.95 (16:2-82-6) pg (251-38-4) an = 
6 Corn oil + 23-6+ 1-0 (28) 23-8+1-1 (16) 23-3+1-8 (12) P=08 
inositol (03%) _(15-3-36-4) (16-2-32-4) (15-3-36-4) 
7 Crisco (10%) 24-0-41-1 (15) 23-04 1-2 (8) 25-141-0 (7) nae 
(17-2-29-2) og (188-292) (17-2-28-9) “ we 
8 Crisco + 22-5 41-3 (15) 23-8 41-2 (8) 21-042°1 (7) P=03 
inositol (0-3%) (13-2-31-1) (18-7-31-1) (13-2-27-9) 
9 Crisco 10%+ 26-541-3 on) 26-6 41-2 (7) 26-5 -+2-4 (8) “ 
corn oil 2% —— (16-1-39-3) Pe ) 9 (16-1-39-3) =08 
10 Crisco 10%+ 25-241-9 | 22-9 41-8 (8) “27-44-38 (8) P=0-25 
inositol (03%) (15-1-37-0) (15-5-32-1) (15-1-37-0) 





* Mean with standard error; range is shown below; number of survivors in parenthesis. 
{ All animals (from various experiments) fed fat-free diets. 
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tend to deposit more fat in their livers than do the 
male rats. Consideration of all of the data in columns 
5 and 7 indicates that this is generally true, although, 
asshown in column 9, the differences are in most cases 
not sufficiently great to be of much statistical 
significance. Such comparisons reveal that any 
‘lipotropic’ effect of inositol, if observed in female 
rats consuming diets containing both fat and ino- 
sitol, is a peculiar artifact. The data indicate a 
tendency for female rats on these basal diets lacking 
inositol to deposit somewhat more fat in their livers 
than do the males. The apparent lipotropic effect of 
inositol in females consuming hypolipotropic diets 
containing fat is therefore merely the influence of 
inositol in bringing the excessively fatty liver of 
these female rats back into line with that of the males 
(which exhibit no, or at most a negligible, response to 
inositol when the diet contains fat). This difference 
between the sexes in response to inositol deficiency 
appears to be real since in both basal groups, i.e. 
those ingesting saturated fats (group 3) and those 
getting corn oil (group 5), the differences observed 
between the means (5-3 and 6-0, respectively) would 
not occur by chance once in a hundred times. 

Purified inositol. The comparison of the purified 
specimen with commercial inositol did not reveal any 
difference in lipotropic activity. The percentage of 
lipids in the livers (pooled) of the rats on the fat-free 
basal diet was 26-0. The supplement of purified 
inositol reduced the mean liver fat to 18-2 % with a 
standard error of + 2-8 (range 6-0—29-9), whilst the 
commercial product gave a mean value of 19:-9% 
+1-7 (range 10-4~-30-6). The ‘¢’ test showed that 
there was no significant difference in the response to 
the two products (P= 0-6). 

Effect of fat on absorption of inositol. The livers of 
the rats used in the comparison of the effectiveness 
of dietary and injected inositol were pooled before 
analysis. In the three groups consuming fat-free 
diets the liver lipids were (1) basal, 20-9%, (2) in- 
gested inositol, 13-7 %, (3) injected inositol, 14-5 %. 
A marked lipotropic effect is obvious in both cases. 
However, when the diets contained fat the results 
are less clear cut, especially in the light of our sub- 
sequent observation of the influence of the sex of the 
rat on apparent lipotropic effect of inositol: (4) basal 
30-2%, (5) ingested inositol 23-6%, (6) injected 
inositol 26-6 %. Since the injected inositol was no 
more (and apparently less) effective than ingested 
inositol in diets containing fat, interference with 
absorption of inositol by dietary fat appears to be 
excluded as an explanation for the obliteration of the 
lipotropie effect of inositol by the fat in these diets. 


DISCUSSION 


It should be emphasized that in all of these experi- 
ments healthy rats not subjected to any preliminary 
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dietary depletion were used, and that the rations 
were fed for a period (3 weeks), which previous 
experience had shown permitted establishment of a 
state of equilibrium with respect to deposition of 
liver lipids. 

The livers of young rats (70-100 g.) consuming 
these hypolipotropic diets exhibit an extremely 
variable lipid content (Fig. 1). The livers of the 
females contain consistently more lipid material and 
display a much greater variability than do those of 
comparable males. These variations are essentially 
as great whether the results are expressed as 
absolute weight of liver lipids, percentage of wet liver 
weight, or percentage of dry, fat-free liver residue. 
The advisability of using, preferably, animals of one 
sex for lipotropic studies is obvious from a glance at 
Fig. 1. If this is not feasible, equal numbers of 
animals of each sex should be used. Furthermore, 
the data illustrate clearly the importance of using 
large numbers of animals in experiments with 
inositol, where the variations encountered in both 
basal and treated groups are so large that the small 
effects to be expected may easily be submerged by 
biological variation. It is obvious that pooling of the 
livers before analysis should be avoided, since under 
such conditions no assessment of the significance of 
even moderate differences is possible. 

Fig. 1 presents data which illustrate, in graphic 
form, the small but definite lipotropic effect which 
inositol exerts when diets devoid of fat are used. 
Table 1 shows that the differences observed between 
the liver lipids of groups 1 and 2 (and of A and B) are 
highly significant. Consideration of the data fromall 
the remaining groups, i.e. from rats ingesting highly 
saturated fats (groups 3 and 4), moderately saturated 
fats (groups 7 and 8), unsaturated fats (groups 5 
and 6) or mixed fats (groups 9 and 10) reveals no 
clear-cut evidence of a lipotropic effect of inositol. 

The ambiguity of the effect of inositol in diets con- 
taining fat raises a question as to the correct inter- 
pretation of the observations reported by Beveridge 
& Lucas (1945). The obliteration of the lipotropic 
action of inositol by corn oil is confirmed by the 
present investigations. This effect is not specific to 
corn oil, however, since all of the dietary fats tested 
appear to block the action in a similar fashion. The 
apparent lipotropic effect observed by Beveridge & 
Lucas in the presence of saturated fat was small; in 
the light of the data presented in the present paper 
the difference observed was almost certainly an 
expression of biological variation. If Beveridge & 
Lucas had not pooled the livers of their animals of 
series B before analysis, they would doubtless have 
seen the variability of the values and probably 
would have concluded, as we have, that the saturated 
fat fraction is just as inhibitory as the corn oil, i.e. 
that saturated as well as unsaturated fats interfere 
with the lipotropic action of inositol. 
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SUMMARY 


1. Inositol exerts a limited but clear-cut lipotropic 
effect when added to a hypolipotropic diet devoid of 
fat. 

2. Addition to the same diet of a saturated fat 
fraction from beef dripping, of a hydrogenated 
vegetable fat (Crisco) or of an unsaturated fat (corn 
oil, Mazola brand) abolishes the effect noted above. 
Thus it appears that inositol exerts either no, or at 
most a slight and variable, lipotropic effect in diets 
containing fat. 

3. The great variation in individual liver lipid 
values in both basal and treated groups makes it 
impossible to interpret the significance of small 
differences in mean values unless individual 
analyses from a large number of animals are available 
for statistical assessment. 

4. The importance of using animals of one sex in 
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lipotropic studies is stressed. The tendency for liver 
lipids to be higher and more variable in females 
(70-100 g.) is most apparent in the rats consuming 
the basal diets. 

5. A highly purified preparation of inositol did 
not differ in lipotropic properties from that available 
commercially. 

6. Inositol injected subcutaneously into rats con- 
suming a fat-free diet exhibits practically the same 
lipotropic activity as when ingested; injected ino- 
sitol shows no such activity when the diet contains 
fat. Thus obliteration of the lipotropic effect of 
inositol by dietary fat cannot be explained by inter- 
ference of fat with absorption of inositol since in- 
jected material is equally ineffective. 


Grateful acknowledgement is made to the Nutrition 
Foundation for a grant which has aided certain phases of this 
work. Part of the expenses of the investigation have been 
defrayed with funds supplied by the Banting Research 
Foundation. 
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Five substances possessing lipotropic properties are 
known to occur in nature, namely choline, betaine, 
methionine, inositol and f-propiothetin. The last 
named has been found in a seaweed, Polysiphonia 
fastigiata (Challenger & Simpson, 1947), but its 
presence in materials commonly consumed as food 
has not been established. The other four substances 
occur widely distributed and are present in many 
dietary components. The relative lipotropic potencies 
of these four compounds have been tested in rats 


* A brief report of part of this work was presented before 
the American Society of Biological Chemists at Atlantic City 
in March, 1950 (Best, Lucas, Patterson & Ridout, 1950). 


under different nutritional conditions, and the 
results of some preliminary dose-response studies are 
now in the press (Best, Lucas, Ridout & Patterson, 
1950). In the case of inositol, observations made in 
our laboratory agree in fact with those reported by 
McHenry and his colleagues (Gavin, Patterson & 
McHenry, 1943; MacFarland & McHenry, 1945, 
1948), but different interpretations have been made 
of the findings. Persons unfamiliar with the details 
of the experimental conditions under which the 
observations were made find these discrepancies in 
the literature confusing. MacFarland & McHenry 
(1945) state quite definitely that inositol alone 
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possesses certain lipotropic properties, although 
their experiments were performed in the presence of 
a large amount of choline, as was pointed out shortly 
afterwards (Best, Lucas, Patterson & Ridout, 
1946a). Their most recent report (MacFarland & 
McHenry, 1948) admits the presence of choline, but 
continues to convey the idea that inositol possesses 
unique lipotropic properties not possessed by 
choline. To secure further data concerning the im- 
portance of the special conditions under which their 
experiments were conducted, the following study of 
the role of inositol in lipotropic phenomena was 
undertaken. 

Gavin & McHenry (1941 a) first observed the lipo- 
tropic activity of inositol. This new nutritional role 
of inositol was not recognized at the time as being the 
discovery of a supplementary effect. Even to-day 
few realize that the lipotropic effects ascribed then 
and more recently to inositol by McHenry and his 
colleagues are those of inositol in the presence of a 
maximally effective dose of choline (Gavin & 
McHenry, 19416; MacFarland & McHenry, 1945, 
1948). In the few experiments in which choline was 
not present, the results agree exactly with our 
findings, but these limited effects of inositol alone 


’ have never been featured by McHenry. Engel (1942) 


and Forbes (1943) confirmed the supplementary 
lipotropic effect of inositol, and other laboratories 
have extended the early findings (Beveridge, 1944; 
Handler, 1946a). 

Beveridge (1944) was apparently the first to report 
that inositol acting alone, i.e. without choline, 
exerts a lipotropic effect when conventional feeding 
techniques (without previous depletion) are adopted. 
During the course of the work he noted that corn oil 
interferes with this effect. The interference of corn 
oil has been studied further (Beveridge & Lucas, 
1945; Handler, 1946a) and confirmed. Subsequent 
studies have indicated that under the conditions 
used in our laboratory inositol exerts a significant 
lipotropic action in fat-free diets only, whether or not 
the depletion technique is followed, although a 
pseudo-lipotropic effect is sometimes observed when 
female rats fed diets containing fat are used in the 
tests (Best, Ridout, Patterson & Lucas, 1950). In 
rats fed fat-free diets for 3 weeks (without pre- 
liminary depletion) the lipotropic effect of inositol 
alone is much less than that of choline. Using a 
hypolipotropic basal diet which causes deposition of 
about 22-25 % of total lipids in the liver, amaximally 
effective dose of inositol reduces the value to about 
13-17%; with choline the value falls usually within 
the range 5-7% and with the two agents acting 
together, total liver lipids are generally reduced to 
4-5%. 

As MacFarland & McHenry (1948) point out in 
their most recent communication, they have always 
tested the lipotropic properties of inositol in rats 
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maintained under special conditions, namely, a pre- 
liminary 3-week ‘depletion’ period on a fat-free, 
low-protein diet devoid of B vitamins followed by a 
7-day feeding period during which supplements of 
crystalline B vitamins were given subcutaneously 
and a special dietary supplement such as an ox-liver 
fraction rich in B vitamins (and which, incidentally, 
contains much choline) or a mixture to simulate it. 
Because of the failure to determine the effect of 
inositol by itself, an erroneous impression has been 
given of the relative lipotropic potency of inositol 
and of choline. 

Data reported about 4 years ago by Handler 
(1946a), and unpublished results of the authors, 
indicated the importance of the time factor in lipo- 
tropic studies following the depletion procedure. The 
7-day test period is unsuitable because the liver lipids 
are changing rapidly in quantity and composition at 
this time. It should be emphasized that the fatty 
liver resistant to the action of choline (McHenry & 
Patterson, 1944; Gavin & McHenry, 19416; Gavin 
et al. 1943; MacFarland & McHenry, 1945, 1948) is 
mainly an artifact resulting from an inappropriately 
chosen time of making the observations. It is our 
contention that comparisons of lipotropic potency 
should be made only when the liver lipids are at or 
near equilibrium values characteristic of the lipo- 
tropic supplements in the diet. 

To clarify the two main uncertainties in this 
literature, namely, the lipotropic potency of inositol 
by itself in rats following depletion of vitamins and 
the effect of the duration of the experimental period, 
these points have been studied using diets containing 
fat and diets free from fat. The effect on liver lipids of 
inositol alone, of choline alone and of the two to- 
gether has been determined when animals were 
transferred from the depletion diet to similar diets 
containing an abundance of the B vitamins, and 
were fed the supplemented diets for different periods 
from 3 to 28 days. 


EXPERIMENTAL 


In the first experiment fat-free diets were used throughout 
the depletion and subsequent test periods. The percentage 
composition of the basal diet fed during the depletion period 
was casein, 10; arachin, 2; fibrin, 2; salt mixture (Beveridge 
& Lucas, 1945), 4; celluflour, 2; sucrose, 80; cod liver oil 
concentrate (Ayerst, McKenna & Harrison; 50,000 i.u. 
vitamin D/g., and 200,000 i.u. vitamin A/g.), 0-015. Diets 
containing 10% casein as the only protein, formerly used by 
investigators in the field, are possibly somewhat inadequate 
(for young rats) in four or five essential amino-acids. The 
addition of 2 % arachin and 2 % fibrin improves this situation 
considerably, while keeping the methionine intake reasonably 
low. 

Two hundred male rats of the Wistar strain (weighing 
75-95 g.) were placed in individual cages and fed the deple- 
tion diet ad lib. for 21 days. The loss in weight during this 
period was much less than in previous experiments in which 
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10% casein alone supplied the protein. The average daily 
food consumption of the rats during the depletion period 
dropped from almost 9 g. to less than 2 g. to give an over-all 
average of about 5-5 g., and the average weight loss was 
about 8 g., as contrasted with 25-30 g. when the diet con- 
tained 10% casein as the only protein. Several rats were 
sacrificed at the end of the depletion period to obtain some 
idea of the initial liver lipid values. The animals were killed 
by stunning and exsanguination; livers were analysed 
individually for total lipids and for free and total cholesterol 
by methods previously described (Best et al. 19466). The 
remaining rats were divided into twenty-four groups—eleven 
groups of 6 rats each and thirteen containing 10 rats each— 
and the vitamins shown in the upper part of Table 1 were 
added to the food offered all groups. The lipotropic supple- 
ments shown in the lower part of the table were added to the 
diets given certain groups, and these variously supplemented 
diets were fed for periods of 3, 5, 7, 9, 14, 21 and 28 days, 
respectively. 


Table 1. Supplements to basal ration 
Extra vitamins in all diets (per 10 g. food) 


Hg: 
Biotin 15 
Folic acid 25 
2-Methyl-1:4-naphthaquinone 50 
Pyridoxine HCl 100 
Riboflavin 125 
Aneurin HCl 250 
Calcium pantothenate 500 
Nicotinic acid 500 
p-Aminobenzoic acid 5000 
«-Tocopherol acetate 1000 


Lipotropic supplements (per 10 g. food) 

Diet mg. 
(Basal) None 
Inositol 35 
Choline chloride 35 


{ Choline chloride 35 
Inositol 35 


Later, an essentially identical experiment was performed, 
the only difference being the substitution of 12% fat (10% 
beef fat, 2% corn oil) for an equal weight of sucrose in the 
food during both the depletion and test periods. 


RESULTS 


With restoration of B vitamins to the diet, in 
amounts about five times those usually considered 
adequate for rats, there was a sudden increase in 
food consumption from about 2 to 8 g./day. This 
increased further within the next few days to about 
12-15 g. The daily food intakes shown in Table 2 
(column 3) do not reveal these sudden increases 
because the values have been averaged. During this 
period of excessive food intake an equally sudden 
increase in liver lipids may be noted in the rats given 
the basal diets (Figs. 1 and 3). After a week or 10 
days, as the food intake declined and became re- 
latively constant at 10-12 g., the liver lipids dropped 
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slowly from the peak values observed on the seventh 
day. 

Some of the rats consuming the basal and ino- 
sitol-supplemented (fat-free) diets developed hae- 
morrhagic kidneys, and several in the 21- and 28-day 
groups died. This left these groups very small. To 
augment their numbers, therefore, forty-five slightly 


A , a ‘ 
‘Total lipids (% of fresh liver wt:) 


0 5 0 6 © BD 
Time on supplemented diets (days) 


| XA 

Fig. 1. Changes in lipid content of livers of rats consuming 
fat-free diets. A, basal diet; B, supplementary inositol 
(0-°35%); C, supplementary choline chloride (0-35%); 
D, supplements of both inositol (0-35%) and choline 
chloride (0-35 %). 
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Fig. 2. Changes in cholesteryl ester content of livers of rats 
consuming fat-free diets. Dietary supplements as in Fig. 1. 


older rats (males, 90-120 g.) were placed on the same 
fat-free depletion diet for 3 weeks. Five were killed 
at the end of this period and liver lipids were deter- 
mined. Fifteen depleted rats were placed on the 
ration supplemented with B vitamins only (diet 1), 
fifteen were given supplementary vitamins plus 
inositol (diet 2) and ten were given vitamins plus 
choline (diet 3). These rations were fed for 28 days. 
In each case the liver lipid values -were almost 
identical with those obtained in the original experi- 
ment and have been included in the data presented 
in Figs. 1 and 2 and Table 2. 

Table 2 presents, in condensed form, the effects of 
inositol, of choline and of the two together upon the 
free and total cholesterol in the livers of the rats 
consuming the fat-free diets. The constancy of the 
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Table 2. Effect of inositol and choline upon free and total cholesterol in liver 


(Rats depleted of B vitamins for 3 weeks and then fed, ad lib., fat-free diets supplemented as shown for periods indicated in 
column 1. Mean, standard error and range are shown in columns 6 and 7.) 


Time 
on diet Survivors/ 
(days) starters 
0 7/T* 
3 6/6 
5 5/6 
7 10/10 
14 9/10 
21 3/6 
28 16/21* 
3 6/6 
5 6/6 
7 10/10 
14 10/10 
21 9/10 
28 18/21* 
3 6/6 
5 6/6 
7 10/10 
9 8/10 
14 10/10 
21 6/6 
28 16/16* 
3 6/6 
5 6/6 
7 10/10 
9 10/10 
14 10/10 
28 5/6 


* As explained in the text (p. 
number of survivors. 


Average 


food 


intake 
(g-/day) 


55 


7-2 


7-1 
8-9 
9-8 
9-2 
8-8 


11-0 


8-7 
9-0 
10-2 
10-1 


11-0 


9-0 
9-3 
9-8 
10-3 


12-9 


Average Average 
weight liver 
change weight 
(g-) (g-) 
End of depletion period 
-8 4-4 
Basal ration (diet 1) 
13 75 
21 8-8 
30 10-2 
39 9-4 
63 10-8 
73 10-0 
Inositol (diet 2) 
16 7-4 
19 6-6 
28 6-9 
44 8-1 
49 8-6 
73 9-1 
Choline (diet 3) 
14 7-2 
22 6-9 
29 75 
41 §-4 
55 7-6 
80 8-5 
96 8-9 
Inositol plus choline (diet 4) 
14 7-0 
23 6-8 
31 6-1 
38 7-2 
55 7:3 
114 9-9 


Liver cholesterol 
(mg./100 g. liver) 


Free 


203 +10 
(173-244) 


14548 
(123-158) 
14645 
(130-162) 
15645 
(135-190) 
166-44 
(149-185) 
17545 
(165-183) 
17043 
(134-190) 


13945 
(127-155) 
16848 
(144-188) 
19149 
(139-241) 
17949 
(150-239) 
17445 
(155-198) 
17545 
(122-217) 


14645 
(130-159) 
15349 
(117-175) 
186-45 
(162-221) 
169-+45 
(148-189) 
17846 
(146-219) 
17546 
(154-191) 
18444 
(156-212) 


14345 
(127-157) 
17443 
(168-184) 
173-47 
(132-219) 
169-7 
(124-190) 
18147 
(165-240) 
16046 
(142-181) 


Total 


349-50 
(225-519) 


373-422 
(295-440) 
677481 
(527-918) 
836-4107 
(406-1571) 
873478 
(536-1286) 
972-4188 
(759-1346) 
8224110 
(286-1695) 


390475 
(230-714) 
4224.40 
(300-597) 
590488 
(323-1324) 
563-455 
(325-907) 
616469 
(281-909) 
537-454 
(304-1083) 


296+ 14 
(245-327) 
493456 
(333-696) 
598458 
(471-869) 
540476 
(266-786) 
457456 
(250-748) 
474494 
(304-790) 
404 +30 
(269-675) 





256+17 
(220-315) 
402+48 
(247-540) 
289+ 30 
(164-442) 
289+38 
(162-563) 
316448 
(228-617) 
258+15 


(228-314) 


454), extra rats were started later and incorporated in these groups to give a reasonable 
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free cholesterol values, regardless of the supplements 
in the diet or of the period during which the diets 
had been consumed by the rats is remarkable. Since 
the values for free cholesterol remain essentially con- 
stant throughout these procedures, it is obvious that 


0 10 15 20 =25 
Time on supplemented diets (days) 


Total lipids (% of fresh liver we.) 


Fig. 3. Changes in lipid content of livers of rats consuming 
diets containing 12% fat. Units and supplements same as 
in Fig. 1. 
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Fig. 4. Changes in cholesteryl ester content of livers of rats 
consuming diets containing 12% fat. Units and supple- 
ments same as in Fig. 2. 


the changing values for total cholesterol (the form in 
which the data are reported in the papers from 
McHenry’s laboratory) represent variations in the 
amount bound. In the present studies this portion 
has been calculated as cholesteryl oleate (bound 
cholesterol x 1-68) and is plotted as such in Figs. 2 
and 4. 


DISCUSSION 


Inositol alone appears to be about as effective as 
choline in holding the liver lipids of depleted rats on 
fat-free diets at moderate levels during the first few 
days after restoration of B vitamins. After about 
10-14 days the liver lipids in the rats receiving 
choline dropped below 10%, while in those getting 
inositol the lipids remained above 15% for several 
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weeks, falling slowly to about 12% after 28 days, 
Rats on the basal diet, i.e. receiving no choline, ex- 
hibited a slow steady fall in both total lipids and 
cholesterol during this same period. Thus as 
equilibrium is approached, inositol exerts an in- 
creasingly limited lipotropic action. The strong 
lipotropic effect of inositol on the fifth and seventh 
days is, however, of great interest and is so far un- 
explained. It may be that inositol can delay the rise 
in liver lipids, but cannot aid the fall. 

On the first few days after restoration of vitamins 
to the fat-free diet the increase in food consumption, 
although abrupt, is not abnormal. During this 
period choline is able to effect a slight decrease in 
liver lipids (total lipids only 6-7 % on the third day), 
but as the food consumption becomes excessive, the 
lipids rise in spite of the presence of choline. How- 
ever, it is important to note that they reach scarcely 
one-half the values attained without choline. Only 
by examining the liver at the critical 7-day period 
and then only when the basal value is neglected may 
the impression be gained that the situation does not 
respond to choline. It is not generally appreciated 
that the 7-day data published by McHenry and his 
colleagues include nothing corresponding to points 
on either of the two upper curves in Figs. 1 or 2, ie. 
to a basal value or to a value for inositol alone at 
7 days. The figures presented as basal values 
(MacFarland & McHenry, 1948) are those obtained 
when several times the maximally effective dose of 
choline was present. Additional choline could 
scarcely be expected to produce any further lipo- 
tropic effect. A value corresponding to the 7-day 
point on the lowest curve (Fig. 1) has been erroneously 
described as the effect of inositol alone (MacFarland 
& McHenry, 1945), although the difference between 
curves C and D is obviously the supplementary 
effect of inositol. Choline and inositol acting to- 
gether exert a distinctly more rapid action and a 
slightly greater equilibrium effect than choline alone 
in rats on the fat-free diet. Inositol alone does not 
exhibit any unique or specific effect upon either 
glycerides or free or bound cholesterol, at 7 days or at 
any other time. 

When the diet contains fat no clear-cut lipotropic 
effect of inositol is obtained even in the early phases 
of the experiment. The slight decreases in liver fat 
seen in Figs. 3 and 4 at 7, 14, 21 and 28 days are of 
dubious significance. When the ‘t’ test was applied 
to the differences observed between the results for 
rats consuming the basal and inositol-supplemented 
diets, P values from 0-1 to 0-6 were obtained. Thus 
there is no justification for claiming a lipotropic 
effect from inositol under these conditions when fat 
is present in the diet. The delay that occurs before 
choline is able to exert its maximal effect in fat-free 
diets is almost absent when the diet contains fat. 
Apparently, the ability to handle fat efficiently is 
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more seriously impaired when both fat and vitamins 
are removed from the diet than when vitamins only 
are withheld. Choline under these circumstances 
prevents the early rise in liver lipids that occurs 
when the diet is free from fat, and very quickly 
reduces the liver lipids to low levels (on the seventh 
day 9-1%, on the fourteenth day 7:3%). Choline 
plus inositol produced no significantly greater re- 
duction in liver lipids in these fat-containing diets. 
The apparent difference on the fifth day is of 
questionable statistical significance (P = 0-06). 

A more rapid and excessive accumulation of 
cholesteryl esters was observed in the livers of the 
rats consuming the fat-free high carbohydrate basal 
diet than in those ingesting the diet containing fat, 
a finding similar to that recorded by Chanutin & 
Ludewig (1933) that carbohydrates accelerate and 
fat inhibits the deposition of cholesterol in the liver 
of the rat. On the fat-free diet values for cholesteryl 
esters reached their maximum (almost 1200 mg./ 
100 g. of liver) within a week; on the diet containing 
fat, 3 weeks were required to reach the considerably 
lower maximal value of about 800 mg. Because the 
total liver lipids were higher in the groups consuming 
the fat-containing diet, the possibility had to be con- 
sidered that these percentage values might be giving 
an erroneous impression because of the greater 
dilution of cholesterol by the larger amount of 
glyceride present in the latter group. However, a 
comparison of the absolute weight of cholesteryl 
esters per liver revealed a significantly greater 
amount at all times in the livers of the rats consuming 
the fat-free diet than in those ingesting some fat 
(e.g. compare 120 mg. with 51 mg. at 7 days, and 
112 mg. with 71 mg. at 14 days). 

It may be of physiological significance that the 
maximal levels of cholesteryl esters attained in the 
presence of inositol are almost the same under both 
dietary conditions. The greater lipotropic effect of 
choline than inositol on the esters is evident in 
Figs. 2 and 4. For reasons not as yet understood, 
choline reduces the esters to a considerably lower 
level (about 100 mg./100 g. liver in 28 days) in the 
presence of dietary fat than in its absence (esters 
over 300 mg.). 

There never has been any question as to the 
supplementary effect in fat-free diets of the two 
lipotropic agents when used together. This effect is 
clearly shown by the data in Figs. 1 and 2. But even 
when the potency of the two agents is compared 
from this aspect, choline can be seen to be the more 
active; supplementary choline produces a much 
greater decrease from the level of liver lipids (or 
cholesteryl esters) resulting from inositol alone than 
supplementary inositol, does from the lipid (or 
cholesteryl ester) level established by choline alone. 

Thus inositol is less effective than choline either in 
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total lipids or total (or more correctly, ester) 
cholesterol. This statement applies not only to con- 
ventionally fed rats, but also to those maintained 
under the special conditions (restoration of B 
vitamins to low protein, fat-free diets fed for 7 days 
only, following 3 weeks depletion of B vitamins), laid 
down (MacFarland & McHenry, 1948) as essential 
for the demonstration of the alleged effects of 
inositol. It is obvious, therefore, that inositol does 
not possess the unique lipotropic characteristics 
which have erroneously been attributed to it. 

There is, of course, a nutritional need for inositol 
as a member of the vitamin B complex. When one 
considers the data in this present communication in 
conjunction with that in the related study by Best, 
Ridout, Patterson & Lucas (1950), one is tempted to 
question whether (provided that this small amount is 
supplied) there isever, underany conditions of normal 
nutrition a ‘lipotropic need’ for further inositol. Al- 
though the activity of inositol when added to fat-free 
diets and the mechanism of this action is of great in- 
terest and potential importance, it is our opinion that 
inositol should not be regarded, at present, as an 
essential lipotropic ageit. The absence of inositol 
from a diet produces none of the signs characteristic 
of the absence of the lipotropic factors, i.e. of choline 
and its precursors methionine and betaine. Choline 
added to a hypolipotropic diet fed to weanling rats 
consistently prevents the haemorrhagic kidney 
lesions, but when inositol alone is added these patho- 
logical changes are usually aggravated (Best et al. 
1946a; Handler, 19465). 

SUMMARY 

1. Young white rats that had subsisted for a 
preliminary period of 3 weeks on a diet devoid of 
vitamins of the B complex, when transferred to the 
same hypolipotropic ration containing an abundance 
of all commercially available B vitamins, exhibited 
an abrupt increase in food intake and in total lipids 
in the liver. The ability of maximally effective doses 
of inositol, of choline and of the two together to 
affect the rate of change in amount and composition 
of hepatic lipids under these special conditions has 
been determined. 

2. Following the abrupt increase in liver lipids 
which reached a maximum after about 7 days, a slow 
spontaneous fall occurred even in the absence of 
supplementary choline or inositol. 

3. Inositol appeared to be about as effective as 
choline in preventing the early increase in the total 
lipids seen in rats on the fat-free ration during the 
first 7 days. 

4. As food consumption returned to normal and 
equilibrium conditions were re-established, inositol 
exerted a strictly limited lipotropic effect in fat-free 
diets and a negligible effect upon glycerides or total 
cholesterol when the diet contained fat. 
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5. Choline was more effective than inositol in 
reducing total lipids and total cholesterol in the 
liver, in both fat-free and fat-containing diets. 

6. Choline exerted a stronger supplementary lipo- 
tropic effect than did inositol on both total lipids and 
total cholesterol. 

7. No data were noted that would support the 
statement that inositol possesses unique lipotropic 
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properties, either under these special conditions 
(following depletion of B vitamins) or under any 
other conditions. 

8. Reasons for the existing confusion in the 
literature as to the real lipotropic potency of inositol 
have been discussed. 

The expenses of this study were in part defrayed by a 
grant from the Banting Research Foundation. 
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The Stabilization of p-Amino-acid Oxidase by Flavin-adenine 


Dinucleotide, Substrates and Competitive Inhibitors 


By K. BURTON 
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(Received 21 July 1950) 


The stabilization of an enzyme by its substrate has 
been little studied since the effect was described by 
O’Sullivan & Tomson (1890). Delory & King (1943) 
concluded that the stabilization of alkaline phos- 
phatase by different substrates increases with the 
rate of hydrolysis. Kunitz & McDonald (1946) could 
not correlate the substrate stabilization of yeast 
hexokinase with the rates at which the sugars react 
in the hexokinase system. 

The stabilization of D-amino-acid oxidase of 
sheep kidney has now been studied and compared 
with the kinetics at the same temperature and pH. 


EXPERIMENTAL 
D-Amino-acid oxidase was prepared by the method of 


Negelein & Bromel (1939). The precipitate obtained after 
removal of the flavin-adenine dinucleotide (FAD) by acidi- 


* Present address: Department of Biochemistry, The 
University, Sheffield 10. 


fication in (NH,),SO, solution at 0°, was washed in 16% 
(NH,),SO, solution and suspended in 0-056 M-pyrophosphate 
buffer pH 8-3 (250 ml./100 g. acetone-dried kidney) and the 
pH adjusted to 6-5. 

The same preparation of oxidase was used for all the 
experiments reported in this paper except those connected 
with Table 3, for which several different preparations were 
used. The solution of oxidase was stored at —10°. Small 
batches were thawed and subsequently stored at 0° for use as 
required. Each sample was rejected when 0-20 ml. failed to 
catalyse the uptake of 110 yl. O,/20 min. in the activity test. 
(With no added FAD, about 101. O, were consumed in 
20 min.) 

Catalase was prepared according to Keilin & Hartree 
(1945). After the first precipitation by .(NH,),SO,, the 
catalase was dialysed until free from ammonium ions. 

Flavin-adenine dinucleotide (FAD). The procedure of 
Warburg & Christian (1938) was followed to obtain a crude 
Ag salt of FAD from baker’s yeast. The salt was suspended in 
water and decomposed by a method introduced by Dr M. 
Dixon: KCl was added to dissolve the suspended Ag salt and 
2Nn-HCl was added drop by drop until there was no further 
precipitate. The suspension was centrifuged and the pre- 
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cipitate of AgCl washed with water at pH 4. The super- 
natant and washings were combined. 

‘Alumina for adsorption purposes’ (Hopkin and Williams 
Ltd.) (50 g.) was mixed with 90 ml. 0-25n-HCl and poured 
into a vertical glass tube 3-5 cm. in diameter, 20 cm. long. 
This tube had previously been fitted with a perforated plate 
and cotton-wool plug to hold the alumina. The column was 
washed with 200 ml. 0-05 N-HCl, compressed air being used to 
accelerate the flow. In the following operations care was 
taken not to disturb the upper surface of the alumina and to 
keep it covered with liquid. 

The crude FAD solution (75 ml. from 1-6 kg. yeast) was 
adjusted to pH 1 by adding HCl and poured on to the 
column. The column was then washed with 11. of 0-05m- 
sodium acetate-acetic acid buffer (pH 4-6) when the yellow 
FAD was adsorbed at the top of the column. The chromato- 
gram was developed by an acetate-phosphate solution 
(0-05m-sodium acetate, 0-05M-acetic acid and 0-05m- 
KH,PO,). The yellow eluate was collected in batches of about 
50 ml. and neutralized. Selected batches were examined by 
paper chromatography (Crammer, 1946) in a collidine-water 
system on Whatman no. 4 paper. Traces of riboflavin 
phosphate, if present, appeared in the first fractions of the 
eluate which were then discarded or used to prepare ribo- 
flavin phosphate. 

(NH,).SO, (30 g./100 ml.) was dissolved in the combined 
FAD solutions. The FAD was extracted by three successive 
portions of p-cresol. Two volumes of ether were added to the 
combined cresol extracts and the FAD extracted by succes- 
sive 10 ml. portions of water. The combined aqueous extracts 
were washed with ether and stored in the dark at - 10°. 

The FAD content was determined from the extinction 
coefficient of the solution at 450 my.; the molecular extinc- 
tion coefficient was taken as 1-13 x 10* (Warburg & Christian, 
1938). 11 mg. FAD were obtained from 1-6 kg. yeast. 

The absorption spectrum of this FAD solution was similar 
to that described by Warburg & Christian at wavelengths 
greater than 310 my The ratio of the extinction at 260 mu. 
to that at 450 my. was 7-4. (Using pure FAD, Warburg & 
Christian (1938) obtained 3-3.) 

When a solution containing 8 ug. FAD was examined by 
paper chromatography, no riboflavin phosphate, riboflavin 
or other coloured or fluorescent material was observed. The 
fluorescence of 0-03 yg. riboflavin or riboflavin phosphate can 
be detected on the chromatogram. 

Sodium adenosinetriphosphate (ATP). The dibarium salt 
was prepared according to Needham (1942), converted to the 
monobarium salt and decomposed by treatment with an ion- 
exchange resin (Bailey, 1948). 95% of the total pyrophos- 
phate P could be liberated by the combined action of myosin 
and myokinase. 

D-Amino-acid oxidase activity was measured in Warburg 
manometers at pH 8-25 and 37-5° inthe presence of 2 x 10-'m- 
FAD, 0-040M-pt-alanine, 0-07m-ethanol, 0-03M-pyrophos- 
phate, and 0-10 ml. catalase in a total volume of 2-80 ml. 
The gas phase was air, the centre well contained 0-2 ml. 
2n-NaOH. 1 min. after immersing the vessels in the water 
bath, the reactants were mixed. After a further 7 min. 
readings were taken at 3 min. intervals for 20-30 min. The 
pressure changes were plotted against time. From the slope 
of the straight line thus obtained the rate of O, uptake was 
calculated. The activity is expressed as pl. O, consumed/ 
20 min. . 

The thermal inactivation of the oxidase was studied using 
thin-walled 15 ml. centrifuge tubes of uniform shape. Each 
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tube contained 0-20 ml. enzyme, 1-0 ml. 0-10M-pyrophos- 
phate and any other addition in a total volume of 2-2 ml. at 
pH 8-25. After incubation the tubes were cooled in melting 
ice. The oxidase activity of 2-0 ml. of the solution was then 
determined, the concentrations of FAD and alanine being 
adjusted to 2x10-> and 0-04M, respectively, during the 
activity determination. When examining the stabilization by 
DL-methionine or by DL- or D-valine these substrates were 
used for the activity determination at a final concentration 
of 0-022 of the p-isomer. When the stabilizing effects of 
different concentrations of benzoate were studied the con- 
centration of benzoate during the activity determination was 
adjusted to be the same throughout each series; similar 
precautions were taken in experiments with adenosine-5’- 
phosphate. Incubations were performed in air since the rate 
of inactivation is the same in air as in N,. 


FAD and alanine 


No addition 


10 20 30 40 
Time of incubation (min.) 


Fig. 1. Stabilization by pt-alanine and/or FAD. v=yl. O, 
consumed/20 min. in the activity test after incubation at 
37-5° for the times shown. 4x10-*m-FAD and/or 
0-051 M-pL-alanine present as indicated. 


The fluorescence of FAD was examined using exciting light 
of 400-500 mp. obtained by filtering light from a 12 V., 
36 W. car headlamp bulb. The fluorescent light was passed 
through a yellow filter and the intensities compared using a 
photo-multiplier and galvanometer. Under these conditions 
no fluorescence was recorded from aqueous solutions of 
quinine sulphate. 


RESULTS 


Stabilization by pu-alanine and/or FAD. At 37-5° 
and pH 8-25 the spontaneous inactivation of D- 
amino-acid oxidase is a first order reaction: when 
FAD or pt-alanine are present the rate of inactiva- 
tion is reduced. In the presence of both FAD 
and pt-alanine the oxidase is further stabilized 
(Fig. 1). 
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Table 1. Effect of reducing the rate of cooling on the 
inactivation of D-amino-acid oxidase 
_ 


(Immersed in water at 53° for 2 min. The figures are the 
D-amino-acid oxidase activities of 2-0 ml. of the cooled 
solution expressed as yl. O, consumed/20 min.) 

2x 10-'m- 
Flavin-adenine 

dinucleotide 


0-051 M- 
pL-Alanine 


Addition before 
heating 
Method of cooling: 
(a) Melting ice 50 68 90 

(b) Keptlmin.in 48 66 
water at 38° 
before cooling 
by melting 
ice 


(c) Not heated 


None 


K. BURTON 
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Table 2. Effect of the presence of flavin-adenine di- 
nucleotide (F AD) during cooling on the inactivation 
of D-amino-acid oxidase 


(Heated 2 min. in water at temperature shown, FAD added 
as indicated, immerse in water at 38° for 1 min., cool 
5 min. in melting ice. The figures shown are the D-amino- 
acid oxidase activities of 2-0 ml. of the cooled solution 
expressed as pl. O, consumed/20 min.) 


0-20 ml. 5 x 10-4m- 
FAD added 0-20 ml. 5 x 10-4m- 
Temperature immediately FAD added after 
(°) before cooling cooling to 0° 

0 129 129 

38 119 114 

52 64 60 

56 47 Ad 

58 31 28 


Table 3. Specificity of stabilization 


(2 x 10-5m-FAD or 0-050M-pt-alanine added, as indicated, to each series of four tubes. Only tubes 2%, x’ contain the 
substance shown in the first column. 2, x’ incubated at 37-5° for 30 min.; x), x kept at 0°. The figures in the last column 
indicate the effect of the substance in the first column: > 1-0, stabilization; 1-0, no effect; <1-0, inactivating effect.) 


Other 
additions 


Concentration 
(mM) 


pl. O, consumed/20 min. in activity test 
cc A 
Xo x xO 


Substrates 


None 
None 
None 
None 


pL-Alanine 50 
pL-Methionine 26 
pDL-Valine 60 
p-Valine 30 


100 29 98 
98 30 98 
114 42 113 
114 42 114 


Inhibitors 


(a) Substrate antagonists 
L-Leucine 34 None 
L-Leucine 34 FAD 
L-Leucine 34 Alanine 
Sodium benzoate 0-13 None 
Sodium benzoate 0-13 FAD 
Sodium benzoate 0-13 Alanine 


(6) FAD antagonists 
Adenosine-5’-phosphate 10 
Adenosine-5’-phosphate 10 
Adenosine-5’-phosphate 10 
Adenine 
Adenine 
Adenosine 
Adenosine 
Caffeine 
Caffeine 
Mepacrine (atabrine) 
Mepacrine 
Quinine 
Quinine 


None 
FAD 
Alanine 
FAD 
Alanine 
FAD 
Alanine 
FAD 
Alanine 
FAD 
Alanine 
FAD 
Alanine 


94 24 76 
94 75 76 
94 52 76 
119 58 97 
119 103 97 
119 74 97 


bo = © Or 


rescue 


110 36 99 
110 95 100 
110 58 99 
110 95 109 
110 67 109 
110 95 110 
110 67 110 
110 95 110 
110 67 110 
129 108 127 
129 77 127 
129 108 127 
129 77 127 


Affecting rate of oxidase action by less than 5% at the concentrations used 


L-Alanine 10 None 
L-Valine 30 None 
Glycine 90 None 
B-Alanine 45 None 
Sodium chloride 90 None 
Guanosine-3’-phosphate 10 None 
Inosine-3’-phosphate 2 None 
Sucrose 100 None 
Sodium pt-lactate 80 None 
Riboflavin 0-28 None 
Riboflavin phosphate 0-07 None 


114 28 113 
114 42 112 
115 44 114 
138 40 140 
115 44 114 
110 40 110 
115 Ad 115 
94 24 95 
98 30 -98 
119 71 115 
119 71 117 
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Variations of the conditions of cooling. The results 
of the experiments summarized in Tables 1 and 2 
indicate that there is no reversal of the inactivation 
either when the rate of cooling is reduced or when 
FAD is added immediately before cooling. 

Specificity of the stabilization. In addition to DL- 
alanine, the substrates DL-methionine, DuL-valine and 
p-valine stabilize D-amino-acid oxidase (Table 3). 
Several compounds, not being substrates, were 
examined for any effects on the inactivation of the 
oxidase and on the rate of the enzyme-catalysed 
reaction. The results are presented in Table 3. The 
effects on the enzymic catalysis were examined at a 
series of concentrations of Di-alanine and of FAD, 
namely 4-4x10-*m-pL-alanine and 5x 10-*m-, 
5x 10-*mM- or 2x 10-’mM-FAD and also 5x 10-*m- 
FAD and 2-2 x 10-*M- or 4-4 x 10-3m-pt-alanine. 

t-Leucine and sodium benzoate, which are com- 
petitive inhibitors of the oxidase (Edlbacher & Wiss, 
1944; Klein & Kamin, 1941), also stabilize the 
enzyme. The protective effects of these compounds 
are reduced in the presence of 0-05M-p.L-alanine. 

Quinine and mepacrine (atabrine) inhibit D-amino- 
acid oxidase by competing with FAD (Hellerman, 
Lindsay & Bovarnick, 1945). The inhibition pro- 
duced by quinine is completely reversible by FAD, 
but that produced by mepacrine is only partially 
reversible. Quinine does not affect the inactivation 
of the oxidase, but mepacrine increases the rate of 
inactivation. This effect of mepacrine is prevented 
by 2x10°m-FAD. Of the FAD antagonists 
examined quinine, adenine, adenosine and caffeine 
do not protect D-amino-acid oxidase, but adenosine- 
5’-phosphate (AMP) protects the oxidase. The 
protection by AMP is prevented by 2 x 10-°m-FAD. 

Formation of complexes between FAD and some 
inhibitors. Weber (1948, 1950) has shown that the 
quenching of the fluorescence of riboflavin by 
purines in aqueous solution is due to the formation of 
complexes between the riboflavin and the quencher. 
It is feasible that some inhibitors of D-amino-acid 
oxidase act by forming similar complexes with FAD. 

Suppose the fluorescent FAD is in equilibrium with 
a quencher (Q) to form the non-fluorescent complex 


oe FAD+Q=(FAD) Q. 


If the total concentration of FAD is negligibly 
small compared with the total concentration of 
quencher, quenching by complex formation is 
governed by (Weber, 1950) 

(C.)_ I. 


——1, 1 
we () 


where (C,,) is the concentration of quencher, K is the 
dissociation constant of the complex and J,/I is the 


ratio of the fluorescent intensities in the absence and 
in the presence of the quencher respectively. 
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The quenching of the fluorescence of FAD by 
several inhibitors of D-amino-acid oxidase is repre- 
sented graphically in Fig. 2, where I,/I has been 


10 15 
Concentration of quencher (mm) 


Fig. 2. Quenching of fluorescence of FAD by several in- 
hibitors of D-amino-acid oxidase. J, is the fluorescent 
intensity of 5x10-®m-FAD in 0-040m-pyrophosphate 
pH 8-25 at 18°. J is the fluorescent intensity when the 
quencher is also present: quinine, A—A,; caffeine, 
+—+; adenosine, 7—(; ATP, x—~x; ADP, @—@: 
AMP, O—O. 


plotted against the concentration of quencher. 
From Fig. 2 and equation 1 the corresponding values 
of K have been evaluated (Table 4). 


Table 4. Quenching of fluorescence of FAD 
by FAD antagonists 


(pH 8-3; 17°; 5x10-*m-FAD; 0-040m-pyrophosphate 
buffer; K =dissociation constant of complex obtained from 
Fig. 2 by using equation 1.) o 

Compound (mmol./1.) 
Adenosinetriphosphate 39 
Adenosinediphosphate 37 
Adenosine-5’-phosphate 40 
Adenosine 30 
Caffeine 10 
Quinine 2-7 


The relation between p-amino-acid oxidase 
activity and FAD concentration is 


Vf 
=—— , 2 
v K.+f (2) 


where v is the reaction velocity in the presence of a 
concentration f of FAD, V is the maximum velocity 
obtained by increasing the concentration of FAD, 
and K, is independent of f and v. 
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If an inhibitor acts by forming a complex with the 
FAD it can readily be shown from equation 2 that if 
K>K 

_ ee rei ot (3) 

Ky, (1+7/K)+f 
where ¢ is the concentration of inhibitor. 

If an inhibitor acts by combining with the oxidase 
protein in competition with the FAD a similar 
equation may be obtained 

VI 
- Ky (1+2/K,)+f : 
where K, is the dissociation constant of the in- 
hibitor from its complex with the oxidase protein. 

If v, is the reaction velocity in the absence of 
inhibitor, from equation 4 
Yo_34.{;_%el * 5 
=~ +{ | (5) 

K, may be evaluated (method I) by plotting 1/v 
against 1/f in the presence of a constant concentra- 
tion of inhibitor. The straight line thus obtained can 
be produced to intercept the axis 1/v=0, where 

1 1 

f  Ky(1+i/K,)" 
similar intercept is 1/K,. K, can be obtained from 
the ratio of these two intercepts. 


(4) 


In the absence of inhibitor the 


10 
0 1:0 ‘20 
Concentration of adenosine-5!-phosphate (mm) 

Fig. 3. Inhibition of p-amino-acid oxidase by adenosine-5’- 

phosphate (AMP). vw, is the reaction velocity in the 

absence of AMP (441. O,/20 min.) v is the reaction 

velocity in the presence of AMP. Concentration of FAD 

about 2 x 10-7. 


K, may also be evaluated (method II) from 
equation 5: v,/v is plotted against 7 with a constant 
concentration of FAD such that v, is about half V. 
K, is calculated from the slope of the straight line 
thus obtained. For example, in Fig. 3 with AMP as 
an inhibitor, the slope of the straight line is 450 1./ 
mole, v,=44 pl./20 min. and V (in the presence of 
2x 10-°m-FAD) = 79-5 y1./20 min. From equation 5 
1—44/79-5 


=|- —3 yy, 
450 0x 103m 


K, for AMP=K,yp= 


K. BURTON 
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Table 5. Inhibition of oxidase by substances 
antagonizing flavin-adenine dinucleotide 


(pH 8-25; 37-5°; 2-2 x 10-?m-ptL-alanine.) 


Method I 
ac oF 
Concen- 
tration 
tested 
(mM.) 
8-5 
5:4 


Method II 
K, (m.) 


K; 


Compound (mM.) 


Adenosinetriphosphate 


Adenosinediphosphate 
Adenosine-5’-phosphate 


Adenosine 

Adenine 

Caffeine 

Hypoxanthine 

Quinine 
Adenosine-3’-phosphate 


2-0 3 
5:3 No inhibition a 


Effect of concentration of protectors on the stabiliza- 
tion. The inactivation of D-amino-acid oxidase in the 
presence of 5x 10-*m-FAD has been examined at 
various concentrations of sodium benzoate. The rate 
constant of inactivation (k) has been plotted against 
the concentration of protector (Fig. 4) 


1 
js 


es In (9/2), 


=~ 
S 
‘. 
c 
£ 
x 
- 
o 
- 


4 
Concentration of benzoate (10-5 M) 


Fig. 4. Stabilization of p-amino-acid oxidase by sodium 
benzoate in the presence of 5 x 10-*m-FAD. & is the rate 
constant of inactivation of the oxidase, assuming that this 
process is a first-order reaction. The dottéd lines indicate 
how II¥ has been evaluated. 


where x’ is the oxidase activity remaining after 
incubating at 37-5° with the appropriate concentra- 
tion of benzoate; 2 is the corresponding activity 
obtained with a control tube kept at 0°; ¢ is the time 
of incubation at 37-5° (= 30 min.). 
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The curve obtained in Fig. 4 resembled the effect 
of substrate concentration on the rate of enzyme 
action. By analogy with the Michaelis constant, the 
protection constant, IIf, has been evaluated. 

Let k, be the rate constant of inactivation with no 
sodium benzoate and ke be the minimum rate con- 
stant of inactivation obtained by increasing the 
concentration of sodium benzoate. - 

Then II¥ is equal to the concentration of sodium 
benzoate at which k=}(k,+k.). From Fig. 4, 
2=1-7 x 10-*m. 

The inhibition of D-amino-acid oxidase by ben- 
zoate obeys relations analogous to equations 4 and 5. 
The inhibition constant (K,) has been evaluated at 
the same temperature and pH as used for the deter- 
mination of IIf and using the same preparation of 


2-0 


1 2 3 4 5 6 
Concentration of benzoate (10°) 


Fig. 5. Inhibition of D-amino-acid oxidase by sodium 
benzoate. v is the reaction velocity in the presence of 
benzoate. v, is the reaction velocity in the absence of 
benzoate (68yl. O,/20min.). Concentration of DL- 
alanine = 0-0080m. 


oxidase. v,/v was plotted against the concentration 
of sodium benzoate (Fig. 5) with a constant (non- 
limiting) concentration of piL-alanine (0-0080Mm). The 
slope of the straight line is 1-58 x 104 l.mol.-1. With 
0-080m-alanine the reaction velocity was 99 yl. 
oxygen/20 min.; by extrapolation to infinite con- 
centration of alanine, V’=102 yl. oxygen/20 min. 
Since v, = 68 pl. oxygen/20 min., 


K,=(1— 68/102) =2:1x 10m. 


1 
1:58 x 104 


The protection constants have also been evaluated 
for other substances: II{ has been used to represent 
the protection constant of substance X in the 
presence of substance Y at a concentration suffi- 
ciently high to give the maximum protection by Y 
alone; II, represents the protection of X in the 
absence of Y. 4 

For the effects of AMP in the presence of 0-051 M- 
DL-alanine (Figs. 3 and 6) the protection constant 
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TIAL, = 0-95 x 10-*m while the inhibition constant, 
Kyyp= 1-0 10m. 


10°k (min.”) 


6 
Concentration of adenosine-5-phosphate (mm) 


Fig. 6. Stabilization of p-amino-acid oxidase by adenosine- 
5’-phosphate in the presence of 0-051M-pL-alanine. & is 
the rate constant of inactivation of the oxidase, assuming 
that this process is a first-order reaction. The dotted lines 
indicate how I14#p has been evaluated. 


10° k (min-*) 


= 
So 


0 6 8 10 
Concentration of adenosine-5!/-phosphate (mm) 


Fig. 7. Stabilization of p-amino-acid oxidase by adenosine- 
5’-phosphate in the absence of alanine. & is the rate con- 
stant of inactivation of the oxidase, assuming that this 
process is a first-order reaction. The dotted lines indicate 
how II4yp has been evaluated. 


The protection constants II,yp, I,, T,,, 02" 
have also been evaluated (Figs. 7-10). 


TL yep = 4°8 x 10-4; 
Ii, =2-1 x 10-*m; 
II,,= 4-5 x 10-m; 
THAW” = 1-0 x 10-2 


in the presence of 0:045m-AMP. II,, and II} are 
expressed in terms of the concentration of D-alanine, 

Kx, the Michaelis constant for D-alanine, has 
been determined in the presence of 2 x 10-°mu-FAD 
from the effect of the concentration of pt-alanine on 
the activity of the oxidase. The reciprocal of the 
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reaction velocity has been plotted against the re- 
ciprocal of the concentration of D-alanine (Fig. 11). 
The straight line thus obtained is produced to inter- 
cept the axis 1/v=0; K,,; is numerically equal to the 
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10° k (min-) 


2 3 
Concentration of FAD (ym) 

Fig. 8. Stabilization of p-amino-acid oxidase by FAD. & is 
the rate constant of inactivation of the oxidase, assuming 
that this process is a first-order reaction. The dotted lines 
indicate how Il, has been evaluated. 


nN 
oO 


10?k (min-") 


10 15 
Concentration of DL-alanine (107 m) 


Fig. 9. Stabilization of p-amino-acid oxidase by DL-alanine. 
k is the rate constant of inactivation of the oxidase, 
assuming that this process is a first-order reaction. The 
dotted lines indicate how II,; has been evaluated. 


reciprocal of the intercept on this axis. In con- 
structing Fig. 11, the p-alanine concentration was 
taken as that at the middle of the period of the 
respective activity determination. Using a similar 
method, K, (defined by equation 2) has been deter- 
mined in the presence of 0-051 M-pL-alanine. 

In air, Ky= 1-3 x 10-7u; K,,= 2-0 x 10°. 

In oxygen, K,=1-3 x 10-7m; K,,=2-4x 10-°m. 
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DISCUSSION 


The effect of the concentration of coenzymes, sub- 
strates and inhibitors on the rate of enzyme-catalysed 
reaction is often discussed in terms of a combination 
between the enzyme and the coenzyme, substrate or 


10° k (min=") 


10 15 
Concentration of Di-alanine (107 ) 


Fig. 10. Stabilization of p-amino-acid oxidase by DL- 
alanine in the presence of 0-045 m-adenosine-5’-phosphate. 
k is the rate constant of inactivation of the oxidase, 
assuming that this process is a first-order reaction. The 
dotted lines indicate how II4™” has been evaluated. 


2 4 6 8 10 


10?/(Molar concentration of D-alanine) 
Fig. 11. Effect of alanine concentration on the activity 
of p-amino-acid oxidase. v=yl. O, consumed/20 min. 
Concentration of FAD =2 x 10-5m. 


inhibitor. If the stabilization of D-amino-acid 
oxidase by FAD, substrates or competitive in- 
hibitors were also connected with a similar combina- 
tion, at the same site on the enzyme the protection 
constants should be related to the Michaelis con- 
stants determined at the same temperature and pH. 
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The relation between the rate of inactivation and 
the concentration of protector can be explained if 
the apo-enzyme P combines with the protector X to 
form a complex PX, which is less readily denatured 
than the apo-enzyme. 

Let a, be the dissociation constant of the PX 
(P) (X) if (P), (X), and (PX th 

(PX) 2 , and ( ) are the 
equilibrium concentrations. 


complex, a, = 


10-¢/(Molar concentration of FAD) 


Fig. 12. Effect of FAD concentration on the activity 
of p-amino-acid oxidase. v=pl. O, consumed/20 min. 
Concentration of pt-alanine =0-051 m. 


Let k, be the rate constant of inactivation of the 
free apo-enzyme P and let k,, be the rate constant of 
inactivation of the complex PX. 

The resultant rate constant of inactivation of an 
equilibrium mixture of P, X and PX is 

a (P) k+ (PX) ken 
(P)+ (PX) 
_ ak, + (X) key 
ay + (X) 
k, tka 
: 


when (X)=a,,k= 


Therefore Hi,=a,. 


When sodium benzoate protects the oxidase in the 
presence of excess FAD, II§ should be equal to the 
(PF) (benzoate) 

(PFB) 
benzoate depends on the inhibitor combining with 
the holo-enzyme (PF) in competition with the sub- 
strate, K, is also equal to the expression 


(PF) (benzoate) 
(PFB) 


expression If the inhibition by 


The values of ITZ and K, determined under similar 
conditions agree within experimental error. 
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This agreement and also that between [Iii and 
K yp supports the hypothesis that the sites of in- 
hibition and protection are identical ; this hypothesis 
is also supported by the reduced protection by 
benzoate in the presence of alanine; similarly, FAD 
reduces the protection given by AMP (Table 3). 
These effects are comparable to the reversals of 
benzoate inhibition by alanine and of AMP inhibi- 
tion by FAD respectively. 

The constants IT,;,, Typ, [14% , ike ifidentified 
with appropriate equilibrium constants, should be 
given by the expressions 


__(P) (alanine) 

~ (P-alanine) 7 
_(P) (AMP) 

ame (P-AMP) ’ 
rr. (P-AMP) (alanine) 
Au (alanine-P-AMP) ’” 
__(P-alanine) (AMP) 
~ (alanine-P-AMP) * 


Tan 


I 


AL 
ITue 


So the products, I,,.T4%, and I[y,yp. Iii” 
should both equal the expression 


(alanine) (P) (AMP) 
(alanine-P-AMP) ~ 


From the experimental values of the protection 
constants: 


Ty, Ttkp = 4-5 x 10-8 x 0-95 x 10-8 
=4-3 x 10-*m?, 


TL yp - LIAM? = 4-8 x 10-4 x 1-0 x 10-? 
= 4-8 x 10-*m?. 


The hypothesis identifying protection constants 
with equilibrium constants is supported by the 
studies of Boyer, Lum, Ballou, Luck & Rice (1946) 
and of Boyer, Ballou & Luck (1947). Caprylate was 
found to stabilize serum albumin. The concentration 
of caprylate producing half the maximum stabiliza- 
tion (about 0-0034M) is approximately equal to the 
dissociation constant of the caprylate-serum albumin 
complex (0-0041m) as determined by ultrafiltration 
studies. 

Warburg & Christian (1938) considered that the 
effect of FAD concentration on the activity of D- 
amino-acid oxidase was a result of an equilibrium 
between the protein and FAD. Stadie & Zapp (1943) 
concluded that the kinetics of the oxidase agree with 
a theory based on equilibria assumed to exist between 
the protein and the substrate, FAD and hydrogen 
ions. 

The stabilization of D-amino-acid oxidase by 
FAD or by substrates seems to enable the more 
detailed study of the equilibria which may be 
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involved in the action of the enzyme. These equi- 
libria are: P+A= PA, (i) 
P+F=PF, (ii) 
PA+F=PFA, (iii) 
PF+A=PFA, (iv) 


where A represent the substrate. 
The mechanism can then be completed by the 
reaction: P+F 
PFA+0O,— or +products. (v) 
PF 


Stadie & Zapp (1943) considered a similar mech- 
anism, but omitted reaction (i). It was assumed that 
the reaction velocity v is given by 


v=k’ (PFA), 


where k’ is independent of f, a and the total con- 
centration of enzyme. It was also assumed that in 
the steady state the proportion of the total protein 
present as PFA is the same as if the protein was in 
equilibrium with FAD and substrate according to 
the postulated reactions. They derived a theoretical 
relation between v and the concentration of the 
reactants involving equilibrium constants. 

If the same treatment is applied to the mechanism 
as postulated above, it is found that when a>K,,, 
the constant K, is the equilibrium constant of 


reaction (iii): (PA) (F) 
7; (PFA) ° (9) 
Similarly, when f>K,, 
_ (PF) (A) 
4L="(DFA) * (10) 


The product II,,.K, should be equal to II,. Ky, 

for both are theoretically equal to the expression 
(P) (F) (A) 
(PFA) ~ 

From the experimental values for K,, K,,, I, 

and Wyn? 1, =1-3x 10-7 x 4-5 x 10-3 
= 5-8 x 10-1 m?; 

II,.K,;, (in air) =2-1 x 10-7 x 2-0 x 10-* 
= 4-2 x 10-19m?. 

It should be noted that the expressions for K,, 
and K, are independent of k’. Increasing k’ by in- 
creasing the oxygen tension has little effect on K,, 
but there is an increase in K,,,; this indicates that 
the assumptions made in deriving equation 10 are 
not fully justified. 

The action of FAD antagonists on the D-amino-acid 
oxidase system. Hellerman et al. (1945) have in- 
vestigated the ability of various substances (chiefly 
antimalarial drugs), to antagonize FAD in the pD- 
amino-acid oxidase system. 

The present work shows that adenosinediphos- 
phate (ADP), AMP and quinine are more effective 
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inhibitors than ATP, adenosine, adenine and caffeine. 
The formation of non-fluorescent compounds 
between the inhibitor and FAD can account for the 
inhibition of D-amino-acid oxidase by quinine 
adenosine or caffeine, but not by ADP or AMP. It 
seems that ADP and AMP can combine with the 
oxidase-(D-alanine) complex in competition with the 
FAD. From Tables 4 and 5 it is concluded that the 
affinity of the protein-alanine complex for ADP and 
AMP is at least twenty times the affinity for the 
related compounds adenosinetriphosphate, inosine- 
5’-phosphate, adenosine-3’-phosphate, guanosine- 
3’-phosphate or adenosine. This seems reasonable 
for ADP and AMP are more closely related to FAD 
than are the other compounds. 


SUMMARY 


1. At pH 8-25 and at 37-5°, flavin-adenine di- 
nucleotide (FAD), substrates and the competitive 
inhibitors t-leucine and sodium benzoate protect 
D-amino-acid oxidase apo-enzyme from thermal 
inactivation. 

2. Of several substances which inhibit D-amino- 
acid oxidase by antagonizing FAD, adenosine-5’- 
phosphate has been found to protect the oxidass. 
Quinine, mepacrine, adenosine, adenine and caffeine 
inhibit in this way, but do not protect the oxidase. 

3. The stabilization has been investigated in 
relation to the kinetics of the enzyme at the same 
temperature and pH. 

4. Several substances, not being substrates or 
inhibitors, yet related to FAD or D-amino-acids, do 
not protect the oxidase under the conditions in- 
vestigated. 

5. The protection of the oxidase is discussed in 
terms of an equilibrium between the protein and 
protector. Evidence is presented that the site of 
protection by benzoate or by AMP is the same as the 
site of inhibition. 

6. The formation of non-fluorescent complexes 
between the inhibitor and FAD can account for the 
inhibition of the oxidase by quinine, adenosine and 
caffeine. This process does not account for the in- 
hibition by AMP or adenosinediphosphate. 

7. It is concluded that AMP and adenosinedi- 
phosphate are able to combine with the enzyme 
protein in competition with the FAD. The affinity of 
the protein for ADP or AMP is at least twenty times 
the affinity for adenosinetriphosphate, inosine-5’- 
phosphate, adenosine-3’-phosphate, -guanosine-3’- 
phosphate or adenosine. 


I wish to thank Dr M. Dixon, F.R.S., and Dr G. Weber for 
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thank those who have helped by gifts of chemicals, especially 
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Dr W. H. Elliott for soditim adenosinediphosphate. During 
this work I was the holder of a maintenance allowance from 
the Department of Scientific and Industrial Research. 








ISI 


ve 
ct 
al 


ee EE7~ SS  lC(CrhC 





Vol. 48 


STABILIZATION OF v-AMINO-ACID OXIDASE 467 


REFERENCES 


Bailey, K. (1948). Biochem. J. 42, lviii. 

Boyer, P. D., Ballou, G. A. & Luck, J. M. (1947). J. biol. Chem. 
167, 407. 

Boyer, P. D., Lum, F. G., Ballou, G. A., Luck, J. M. & Rice, 
R. G. (1946). J. biol. Chem. 162, 181. 

Crammer, J. L. (1946). Nature, Lond., 161, 349. 

Delory, G. E. & King, E. J. (1943). Biochem. J. 37, 547. 

Edlbacher, 8. & Wiss, O. (1944). Helv. chim. Acta, 27, 1831. 

Hellerman, L., Lindsay, A. & Bovarnick, M. R. (1945). J. 
biol. Chem. 163, 553. 

Keilin, D. & Hartree, E. F. (1945). Biochem. J. 39, 148. 


Klein, J. R. & Kamin, H. (1941). J. biol. Chem. 138, 507. 

Kunitz, M. & McDonald, M. R. (1946). J. gen. Physiol. 29, 
293. 

Needham, D. M. (1942). Biochem. J. 36, 113. 

Negelein, E. & Bromel, D. (1939). Biochem. Z. 300, 225. 

Stadie, W. C. & Zapp, J. A. (1943). J. biol. Chem. 150, 165. 

O’Sullivan, C. & Tomson, F. W. (1890). J. chem. Soc. 
51, 834. 

Warburg, O. & Christian, W. (1938). Biochem. Z. 298, 150. 

Weber, G. (1948). Trans. Faraday Soc. 44, 185. 

Weber, G. (1950). Biochem. J. 47, 114. 


Biochemistry of Fluoroacetate Poisoning. Isolation of 
an Active Tricarboxylic Acid Fraction from 
Poisoned Kidney Homogenates 


By P. BUFFA, R. A. PETERS anp R. W. WAKELIN 
Department of Biochemistry, University of Oxford 


(Received 4 August 1950) 


The experiments described in this paper* were done 
in order to advance knowledge of the biochemistry of 
fluoroacetate poisoning. The proved failure of this 
compound to inhibit isolated enzymes made it 
difficult to relate the toxic action to an enzymic 
effect, until Bartlett & Barron (1947) made the 
important step of showing that in tissue slices 
fluoroacetate led to accumulations of acetate. 
Another significant point was made by Saunders 
(1947) and colleagues who found an alternation in 
the toxicity with increasing length of carbon chain 
in the w-fluoroesters; compounds with an even 
number of carbon atoms were toxic. Then Liébecq & 
Peters (1948, 1949) found an instance with centri- 
fuged kidney homogenates where fluoroacetate 
caused depression of oxygen uptake without an 
increase of acetate but with accumulation of citrate; 
at the same time the oxidation of added citrate was 
inhibited by the poison. This led them to propose the 
jamming hypothesis; according to this sodium 
fluoroacetate can be activated and condensed with 
oxaloacetate to form a fluorotricarboxylic acid, 
which either itself, or in the form of some derivative, 
inhibits the tricarboxylic acid cycle and so causes 
accumulation of citrate. A similar hypothesis was 
advanced independently by Martius (1949). Kal- 
nitsky & Barron (1948) later reported accumulation 
of citrate, but interpreted this differently. It was an 

* The main facts recorded here were given in lectures to 
the Physiological Society at Oslo in March 1950, also in 
Uppsala; see also Buffa, Lotspeich, Peters & Wakelin (1950). 


important extension from these in vitro tests when 
Buffa & Peters (1949) found that the accumulation 
of citrate was also induced readily in vivo by in- 
jection of fluoroacetate into animals. This has been 
recently confirmed by Potter & Busch (1950). 

The best proof for the jamming hypothesis would 
be the isolation of a toxic fluorotricarboxylic acid 
either from the tissues of poisoned animals or from 
the products of some poisoned tissue preparation. 
Calculation showed that this was impracticable in 
vivo, owing to the small amount of substance present 
in poisoned tissues ; attempts were therefore made to 
isolate the tricarboxylic acids formed during the 
oxidation of fumarate by a kidney homogenate in 
vitro in the presence of fluoroacetate. In this work, 
there will be described the isolation of a ‘citrate’ 
fraction from poisoned kidney tissue, a component 
of which has the power to inhibit citrate metabolism 
in vitro; this is not fluoroacetate, but is believed to 
be a tricarboxylic acid which contains fluorine in 
small amount. 


EXPERIMENTAL 


Determination of the inhibitory activity of tricarboxylic 
acid fractions using kidney homogenates 


The object of the test was to determine the capacity for 
inhibiting the disappearance of citrate. Two methods were 
used. 

(1) The technique developed in this laboratory by Liébecq 
& Peters (1949) was slightly modified. The guinea pig kidney 
homogenate, made in a cooled mortar, was not squeezed 
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through muslin before the cold centrifugation; the duration 
of this was increased up to 60 min.; the solid residue so ob- 
tained was resuspended in 0-9% KCl buffered with 0-1m- 
phosphate (pH 7-2) by adding the cold solution drop by drop. 
The suspension was filtered through muslin placed on a 
funnel and a glass rod was used to push the homogenate 
through the muslin. This gave a fine suspension which could 
be pipetted easily. 1-9 ml. of the enzymic homogenate 
(equivalent to approx. 200 mg. of kidney cortex) was added 
to flasks kept on ice and previously prepared with the 
appropriate substrates: sodium citrate (10 umol. in 0-2 ml.); 
MgCl, 0-1 ml. (0-8% MgCl,.2H,O equivalent to 100 ng. Mg); 
the fraction to be tested; and 0-9 % KCl to 2-9 ml.; 0-1 ml. of 
adenosinetriphosphoric acid (ATP) (equivalent to 1 mg. of 
the Ba salts) was added at the end. The final phosphate con- 
centration was 0-068M, pH 7-2; the gas phase, air; temper- 
ature 38°. At the end of an equilibration period of 10 min. 
(the O, uptake being measured for 20 min.) or after a total 
period of 30 min., the flasks can be removed from the bath 
and cooled on ice; 1 ml. of 25% trichloroacetic acid (TCA) 
was added. After standing for 15 min. the TCA extract was 
filtered and the solid residue washed twice with TCA (5%); 
citrate estimations were done upon the combined extract and 
washings, using conveniently one-eighth of a bottle for each 
estimation. 

It is to be noted that the homogenate must not be frozen at 
any stage, and that our Waring blender produced inactive 
preparations. 

(2) Simplified standard technique, which has been used in the 
later experiments where no measurements of O, uptake were 
made. The test was conducted in ordinary 50 ml. Pyrex 
conical flasks which contained citrate (10 mol.) and Mg 
(100 ug.) in 1 ml., the neutralized sample for test +0-9% 
KCl, 1 ml.; phosphate buffer to make a final concentration of 
0-05, pH 7-2,and2-0 ml. homogenate, equivalent to 200 mg. 
kidney cortex. The homogenate was prepared fresh and used 
without centrifuging; it was added to the flasks and their 
contents previously cooled in ice; a final addition of 0-1 ml. 
ATP, equivalent to 1 mg. Ba salt, was made. The flasks were 
shaken (120 per min.) for 30 min. at 38° in air. After this 
1 ml. TCA (25 %) was added and the procedure was as before. 


Table 1. Illustration of methods 


(Inhibition of citric acid disappearance by sodium fluoro- 
acetate in guinea pig kidney homogenate (=200 mg. 
tissue) reinforced with Mg++ (100ug.) and ATP (=1 mg. 
Ba salt); phosphate buffer final concentration 0-05m; 
pH 7-2; air; temp. 30°. Time 30 min.) 


Citric acid (umol.) 


3. 
+50 pg. 
Control fluoroacetate 
Initial 10 10 
After 30 min. 4-09 8-75 
Disappeared 5-91 1-25 


Difference due to inhibitor 4-66 pmol. 


The extracts were boiled with H,SO, (0-3 ml. 50% (v/v)/ 
tube) for 1 min. before the estimation of citrate. It should be 
pointed out that fluoroacetate itself inhibits the disappear- 
ance of citrate when added in relatively large amounts, 
presumably because it condenses with traces of oxaloacetate 
formed from the added citrate to form the ‘active’ substance. 
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The activity can be expressed either as the percentage 
inhibition (umol.) with respect to the control, or better as the 
number of pmol. inhibited by the ‘active’ fraction. Table 1 
gives an example of the effect of fluoroacetate; calculated as 
percentage inhibition this would be 79%, or as pmol. 
inhibited 4-66 pmol. 


Estimation of fluorine 


A considerable amount of preliminary work was necessary 
before reliable results could be obtained. Care was required 
(a) in the decomposition of the fluoro-compounds, and (6) in 
the selection of sufficiently sensitive methods of fluoride 
analysis. In regard to (a) we finally adopted the bomb 
method upon the advice of Prof. M. Stacey, because it was 
uncertain whether less drastic methods would break up 
C—F bonds present and also to minimize the loss of volatile 
fluoro-compounds. (6) For the analysis of the liberated 
fluoride, we abandoned the lead chlorofluoride method 
(Chapman, Heap & Saunders, 1948), even after suitable 
modification for small quantities (R. W. Wakelin, unpub- 
lished experiments), owing to the difficulty of dealing with 
the accompanying phosphate. A distillation method was 
adopted, which was a modification of two methods reported 
respectively by Yoe, Salsbury & Cole (1944) and in the 
Medical Research Council memorandum on Industrial 
Fluorosis (1949). 

The final technique was as follows: 

Decomposition of the organic compounds. The dry sample 
(3-30 mg.) was placed in a 2-5 ml. stainless steel (or nickel) 
bomb with a piece of Na weighing (approx.) 200 mg. After 
sealing with a gold washer, the whole was heated to 550° for 
1 hr. in an electric furnace. The bomb was cooled, washed 
externally and dried with filter paper. After opening, both 
the bomb and the lid were placed in a Pyrex beaker and 
rapidly covered with about 20 ml. of water. The extraction 
was completed by boiling for a few minutes, and the carbon 
residue removed by filtration and washed. The fluoride was 
removed from the filtrate and washings (approx. 40 ml.) by 
steam distillation as H,SiF, ; this separates it from ions such 
as PO,, which would interfere with the subsequent titration. 

Distillation. The apparatus shown in Fig. 1 was adopted. 
It was made entirely of glass, and had only one joint; no 
dead spaces existed and it could be used both for refluxing 
and distillation. With this apparatus the distillation pro- 
ceeded without bumping and no interfering ions were 
distilled or carried into the distillate. Recoveries ranging 
from 80 to 100% were obtained from standard fluoride 
solutions containing 15-100 yg. F. 

The following reagents were placed in the flask: KIQ,, 
0-2 g.; AgCl10, dissolved in HCIO,, 2 ml. (equiv. 2 g. AgCl0,); 
72% HCl0,, 15 ml.; sample, 40 ml. approx.; glass wool, 
0-2 g. 

AgClO, was prepared by heating AgNO, with 72% (w/v) 
HCI10,. The HNO, was distilled off and the distillation con- 
tinued until the mixture had reached a temperature of 180°. 
The solid residue was dissolved in 72 % HClO, and the colour- 
less solution stored at 2°. The 72% HClO, occasionally con- 
tained organic material, which was removed by distillation 
over AgCl0,. The ‘lead-free’ glass wool of the British Drug 
Houses Ltd. was found to be free from fluorine. 

The ground joint was lubricated at the top with a narrow 
ribbon of stopcock rubber grease and the apparatus as- 
sembled. The distillate was collected in a 250 ml. conical 
flask marked at 180ml. and containing approx. 20 ml. 
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0-025n-NaOH. The flask was gradually heated and direct 
distillation carried on until the temperature of the mixture 
was 125°. Steam distillation was then commenced and the 
temperature of the mixture raised to 140° and maintained 
between 135 and 145°. The rate of distillation was regulated 
so that the 180 ml. mark was reached in 30+2 min., in- 
cluding the direct distillation time, usually 8-10 min. The 
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the solution to be titrated was neutralized with 0-2N-HCIO, 
to a yellow colour. To the samples (20 or 40 ml.) were then 
added the calculated amounts of HClO,, 10 ml. of the 
buffer-indicator solution and water to 50 ml. To the blank 
tube was added 0-1 ml. of the Th solution; the sample was 
then titrated until the colour matched that of the blank. The 
fluorine content was calculated from a calibration curve 





Fig. 1. Apparatus used for steam distillation in the estimation of fluoride. 
The thermometer is inserted into tube at A. 


distillate was made up to 200 ml. This contained approx. 
0-4 mmol. HCIO,. A distillation blank was run for each set of 
estimations and it usually gave a zero titration figure. 

Titration. Reagents: 0-004N-Th(NO,),; Solochrome 
Brilliant Blue B.S. 0-02% in water, a solution which was 
renewed every 2 weeks. Chloroacetic buffer: 22-7 g. 
CH,Cl.COOH and 4-8 g. NaOH in 1 1.; 0-2n-HCI0, ; 0-2N- 
NaOH. Before each set of titrations the following mixture 
was prepared, Solochrome Brilliant Blue B.S. 20 ml., chloro- 
acetic acid buffer 10 ml., 0-2N-HCIO, 1-2 ml., water to 
200 ml. 

The titration was carried out in Nessler tubes marked at 
50 ml. The use of phenolphthalein as indicator for the pre- 
liminary neutralization of the sample-as recommended by 
some other workers in our hands sometimes gave uncertain 
results. Therefore phenol red was used as the indicator, and 


obtained from standard fluoride solutions. Less than 
1-1-2 yg. F could not be titrated and therefore no F could be 
detected in any original samples containing less than 6 yg. 


Paper chromatography 


The general principles of Consden, Gordon & Martin (1944) 
were followed, using miscible solvents as advised by Hanes & 
Isherwood (1949, 1950). Many sets of solvents have been 
tried. Since the substances being chromatographed were 
often required for tests following extraction from the paper, 
solvents with high volatility were chosen as far as possible. 
Phenol red in alkaline solution was used to detect the spots. 
This indicator does not interfere with the citric acid estima- 
tion, and in small quantities it is known not to be toxic for the 
enzyme system used. 
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It was found that, by using the method of the ascending 
solvent, a good chromatogram was obtained, while with the 
descending solvent method the spots were less well defined 
with marked trailing; the former technique, therefore, was 
adopted. 

Paper. Whatman no. 1 paper was used when smaller and 
well defined spots were desired; Whatman no. 4 was chosen 
when larger intervals between the spots were wanted. The 
preliminary washing of the paper (Hanes & Isherwood, 1949) 
was found to be unnecessary. 

Vessels. In order to determine a suitable solvent set, a 
battery of eight cylindrical glass pots with plastic screw tops, 
and strips of filter paper 22 x 4 cm. were used. The solvents 
were placed on the bottom of the pot and the paper sus- 
pended from a string fixed across the lid. In this manner it 
was possible to determine in 1-3 hr. whether a given solvent 
set was likely to be suitable. 

The final experiments were carried out in glass tanks; two 
paper sheets 40 x 18 cm. were suspended from two strings 
fixed on the glass plate covering the tank. Cylinders (2 1.) 
were also used as vessels. 

Procedure. The acid solution to be chromatographed was 
put on the starting line with a capillary pipette and the paper 
was left to dry in the air. The solvent set was prepared im- 
mediately before use and placed on the bottom of the vessel ; 
the paper was fixed on to the cover plate which was then 
sealed to the tank with vaseline. The size of the paper sheet 
and the quantity of solvent were such that the former was 
submerged to a depth of 24mm. Most of the chromato- 
graphy has been carried out at constant temperature, 
usually at 20°. 

After development, the paper was dried in air or in 
a stream of warm air, and it was then sprayed with the 
following solution: Phenol red, 50 mg.; ethanol 96 %, 20 ml.; 
n-NaOH, 2 ml.; water to 100 ml. 

The bright yellow spots on the red background were im- 
mediately outlined with a pencil since they lasted only for a 
few minutes. On drying, the paper became entirely yellow; 
but by exposing the paper to NH,, the red colour could be 
restored. 





Other estimations 


Estimation of citric acid was carried out by the method of 
Pucher, Sherman & Vickery (1936) as modified by Buffa & 
Peters (1949), and of P by that of Berenblum & Chain (1938) 
with the adaptation worked out by Dr L. A. Stocken in this 
laboratory. 

Chemicals 


These were ‘Analar’ unless otherwise stated. The ATP 
specimens used were mostly from commercial sources and 


when tested were about 80% pure. cis-Aconitic acid and 
DL-isocitric acid were prepared by Mr R. W. Wakelin. 


RESULTS 


Methods developed for the preparation and 
isolation of the citric acid fraction 


Preliminary remarks. Upon the working hypo- 
thesis that a new F-tricarboxylic acid responsible 
for the jamming of the cycle would have properties 
similar to citric, cis-aconitic and D-isocitric acids, 
customary methods of isolation of citric acid with 
suitable modifications were applied to the trichloro- 
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acetic acid filtrates containing the citrate formed 
during in vitro experiments by the action of fluoro- 
acetate. By the ‘in vitro’ method, accumulations of 
citrate can be obtained seven to eight times larger 
than those produced in vivo. Before describing the 
final technique employed, some remarks are needed 
upon the steps which were tried and discarded. 
Removal of protein by boiling or precipitation with 
metaphosphoric acid was much less satisfactory 
than by precipitation with trichloroacetic acid. The 
isolation of citric acid by evaporation to a small 
volume, followed by acidification and extraction 
with ether, was unsuitable in our hands; so also was 
isolation as the calcium salt. For this reason the 
standard procedure of barium precipitation at 
approximately pH 8-0 was finally adopted; this was 
followed by removal of barium as sulphate, and pre- 
cipitation with lead; the procedure of Wieland & 
Rosenthal (1943), who used barium and lead salts 
for the isolation of citric acid, has been varied in an 
important detail by introduction of a fractionation 
of the lead salts by variation in pH, somewhat 
similar to that used in the selective precipitation of 
vitamin B, by phosphotungstate (Peters, 1930; 
Kinnersley, O’Brien & Peters, 1933). Fumarate 
rather than oxaloacetate was used as substrate, 
since it was found that oxaloacetate tends to cause 
inhibitions (cf. Potter, Pardee & Lyle, 1948); it was 
thought, therefore, that formation of citrate went 
more smoothly because fumarate maintained a slow 
and steady supply of oxaloacetate for the condensa- 
tion. Pyruvate was not added; it increases the 
amount of citrate formed (Liébecq & Peters, 1949), 
but may be expected also to increase the relative 
proportion of pure citrate as opposed to the postu- 
lated F-tricarboxylic acid. Citric acid was estimated 
as a measure of the tricarboxylic acids present in the 
fractions, because of its relative ease of analysis; in 
the equilibrium mixture of the tricarboxylic acids, 
80-90 % is citric acid. 

Isolation of tricarboxylic acid fraction. Some thirty 
preparations have been carried out using the kidneys 
from two to six guinea pigs at a time, sometimes 
more; in the early experiments the guinea pig 
homogenates were centrifuged before use; latterly 
this has not been done. Two preparations have also 
been made from ox kidney. Fig. 2 shows the course 
of citric acid production. 

The method of preparation used in the latest 
experiments is described. The kidneys from six 
guinea pigs (18 g.) were rapidly removed from the 
animals, cooled to 1—2°, and the cortical tissue 
ground gently in a porcelain mortar kept on ice. 
Ice-cold potassium chloride (45 ml. of 0-9%) was 
added during the grinding; after filtering through 
muslin, the mixture was made up with potassium 
chloride (0-9%), and enough phosphate buffer 
pH 7-2 to make the final concentration 0-4m. Total 
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volume 132 ml. This was added to a mixture 
containing, in 66 ml. of potassium chloride, sodium 
fumarate (228 mg.), magnesium chloride (7-2 mg. 
Mg), ATP (equiv. to 72 mg. barium salt) and sodium 
fluoroacetate (72 mg.); the total volume of 198 ml. 
was distributed in six conical flasks (100 ml.) and 
incubated at 38° for 60-90 min. with shaking at 
120 excursions/min. in air. (In the case of the large 
preparations from ox kidney, the mixture was placed 
in 2-3 1. spherical flasks and stirred mechanically ; a 
stream of air was also passed.) The enzyme prepara- 
tion resembled the customary preparations from 
brain tissue employed in this laboratory, called the 
pyruvate oxidase system, and also the cyclophorase 
more recently described by Green, Loomis & Auer- 
bach (1948); it exhibits the usual sensitivity to 
freezing shown by the brain pyruvate system, but 
has more activity in relation to the original kidney 
than that of Green et al. (1948). 


500 


400 


300 


200 


Citric acid (mg.) 


100 


0 
0 10 20 30 40 50 60 80 100 
Time (min.) 

Fig. 2. Rate of citric acid production by homogenate of ox 
kidney at 38° by fresh tissue (=150g.) (centrifuged): 
sodium fumarate 2-80 g.; ATP=0-44 g., Ba salt; MgCl, = 
880 ug. Mgtt+; sodium fluoroacetate, 0-22 g.; 0-5m-PO, 
buffer, pH 7-4, to a final concentration of 0-04m; 1% KCl 
to final volume 1320 ml. The slow start is due to delay in 
reaching 38°. 


The reaction was stopped by adding TCA 
(1 g./ml.) to a final concentration of 5%. After 
cooling, the protein precipitate was separated by 
filtration and the solid washed with 30 ml. TCA 
(5 %). The clear yellow liquid, including the washings, 
was used for the subsequent fractionations. 


Fractionation of the extract 


The details of a typical fractionation will be given. 


All separations were carried out by the centrifuge unless 
otherwise stated. The TCA extract was brought to pH 8-5 by 
addition of NaOH (6-6 ml., 10-0N) and BaCl, (12-5 ml., m) 
added to slight excess. After stirring, the mixture was left 
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overnight at 2-3°. The precipitate was separated and washed 
(twice with 15 ml. water approx.), suspended in 5 ml. water, 
and HNO, (40%, v/v) then added until the solution reached 
pH 1-2 (thymol blue). At this pH there was often a small 
solid residue of Ba(NO,), which was removed. Ba was 
removed from the acid extract by treatment with H,SO, 
(14-0 and 1-0n), KOH (40%, w/v) being added to keep the 
PH at 3-0 (bromophenol blue). The BaSO, was removed and 
washed with water (5 ml., twice). The supernatant, con- 
sisting mainly of tricarboxylic and phosphoric acids, was 
treated to complete precipitation with Pb(NO,), (50 % (w/v), 
4-5 ml.), keeping the pH at 2-0 approx. This ‘acid phosphate’ 
precipitate (I) contained mainly phosphate with small 
amounts of ‘citrate’ (7-32 mg.). It was separated and washed 
with 5 ml. water. The liquid phase was treated with KOH 
(40%) added gradually; when the pH was approx. 3-0, 
a gelatinous precipitate appeared. The addition of KOH and 
of Pb(NO,), was continued in small excess until the pH was 
6-5 (bromocresol purple). This gelatinous precipitate II 
contained most of the citrate (90-5 mg.) with small amounts 
of phosphate; it was separated and washed twice with 5 ml. 
water. 

Precipitates I and II were suspended in water (8 and 6 ml. 
respectively) and treated with H,S until the precipitation of 
PbS was completed (30-120 min.). The combined solutions 
from each precipitate, including washing with minimal 
volumes of water, were aerated to remove H,S, and concen- 
trated in vacuo to 25 % of the volume, and then each made up 
to 10-0 ml. 

A second Pb precipitation was carried out on precipitate 
II by bringing to pH 2-0 and treating again with Pb(NO,),. 
A small precipitate (mostly phosphate) was collected 
(ppt. ITI); the pH was then taken from 2-0 to 3-0, from 3-0 to 
3-5, and from 3-5 to 6-2, the respective precipitates IV, V and 
VI being collected. Precipitates III to VI, inclusive, were 
freed as above from Pb by treatment with H,S and each 
made up to a volume of 6-0 ml. for test. The citrate contents 
were ITI, 3-43 mg.; IV, 24-8 mg.; V, 37-8 mg.; VI, 5-13 mg. 
The results of tests for inhibitory activity are shown in 
Table 2. 


Table 2. Citric acid content and inhibitory activity 
of fractions isolated from kidney homogenate from 
ene Citric Activity of fraction 
acid (nmol. citric acid 

content inhibited/mg. citric 


Precipitate Description (mg.) acid content) 
I Acid PO, 7-32 136 
II pH 2-0-6-5 90-5 67-2 
Second Pb precipitation 
Ill Acid PO, 3-43 113 
IV pH 2-0-3-0 24-8 61 
V pH 3-0-3-5 37-8 27-2 
VI pH 3-5-6-2 5-13 0 


The estimate of biochemical activity is made upon 
the basis of the number of pmol. citrate stabilized 
(or inhibited from disappearance) under the condi- 
tions of the test per mg. citric acid in the active 
fractions. On this basis it can be seen that, though 
the greater part of the activity is present in the pre- 
cipitates obtained at less acid pH, the most active 
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precipitates relatively to the citrate concentration 
were obtained in the acid phosphate fraction. 

By drying solutions like those of precipitates V and 
VI ina vacuum desiccator over phosphorus pentoxide 
at room temperature a thick yellowish syrup was 
obtained which could be extracted with ether and 
with acetone. From such ether extracts pure citric 
acid was crystallized of m.p. 152°, which was kindly 
identified as such by infrared spectrographic exami- 
nation by the Ministry of Supply. This proves that 
the substance formed and estimated as citric acid is 
actually this substance. 

The balance sheet from an experiment with ox 
kidney homogenate gives an example of the yields 
to be expected when working on a larger scale 
(Table 3). 


Table 3. Balance sheet of preparation 24 


(Ox-kidney homogenate of 21 November 1949 from 720 g, 


fresh tissue.) 
Citric acid 


(mg.) 
Initial TCA extract (6-85 1.) 1178 
Protein residue 119 
Ppt. insoluble at pH 2 3-2 
BaSO, 47-2 
First Pb,(PO,). ppt. 15-2 
Filtrate from first lead citrate ppt. 0 
First PbS ppt. 2-1 
Second Pb,(PO,). ppt. 65-4 
Filtrate from second lead citrate ppt. 0 
Second PbS ppt. 0 
Ether-soluble fraction 900-0 
Acetone-soluble fraction 97-5 
Residue 6-5 
Total 1149-0 


Control preparations. It was fundamental to 
show that the inhibitory activity of the ‘citrate’ 
fractions in vitro was not»due to traces of fluoro- 
acetate escaping the methods of isolation. Even 
though no fluoroacetate could be precipitated either 
by lead or barium salts under our conditions, it was 
conceivable that some might have been adsorbed by 
precipitates. Therefore the following blank experi- 
ment was repeated twice. 

A guinea pig kidney preparation made as usual 
was incubated with the omission of the fluoro- 
acetate; after 1 hr. incubation and cooling the TCA 
was added, followed by the amount of citric acid 
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usually accumulating and the appropriate amount of 
fluoroacetate. The fractionation was carried through 
and the final citric fraction tested for activity. Both 
preparations gave an inactive product. 


Further analysis of ‘active’ preparations 
by chromatography 

Localization of activity in tricarboaylic acid fraction. 
Preliminary trials showed that some components of 
the active fractions were migrating only on the 
alkaline side (cf. Hanes & Isherwood, 1949) and 
therefore alkaline sets of solvents were mainly used. 
By the use of propanol and ammonia-water mixtures, 
the ‘active’ fractions showed two or three spots on 
the chromatogram. Table 4 gives the results of one 
such trial of three fractions. 

By comparison with the chromatogram of phos- 
phoric and citric acid, it appeared that the spots with 
R,=0 were due to phosphoric acid, and the spots 
with R,=0-212-0-214 to tricarboxylic acids; the 
latter was confirmed by showing that an aqueous 
extract of the spot with R,=0-212 from fraction 
28-2 contained 90% of the citric acid initially 
present. 

The migration of the ‘active’ fraction was then 
tested by the use of a double chromatogram, one 
half of which was used to localize the spots and the 
other half to test the activity. Disks of paper were 
cut from the second half at places corresponding to 
the three spots and extracted with 0-9 % potassium 
chloride. A portion of the extracts was then used for 
the activity test given in column 4, Table 4. The 
experiment showed clearly that the active com- 
pound was not distinguished chromatographically 
from the tricarboxylic acids in the fraction. 

Attempts were made to identify the spot with 
R,= 0-320 in fraction 28-2. Using the same solvent. 
system as in Table 4, the R, value of the dicarboxylic 
acids succinic, fumaric and maleic acids (0-321) was 
very close to that of the unknown. Malonic, maleic 
and «-ketoglutaric acids also showed the same R, as 
the other dicarboxylic acids; fluoroacetic acid 
showed a high R,. From this it follows that under 
these conditions, the number of carboxyl groups 
present in the molecule plays a more important role 
than their spatial configuration in determining the 
migration on the paper. It also follows from the 


Table 4. Chromatographic behaviour of active fractions 28-1, 28-2 and 28-3 


(Whatman no. 4 paper; solvents, propanol 6 vol./ammonia (sp.gr. 0-880), 3 vol./water 1 vol. Time 13 hr.: temperature 


2°. Ascending solvent travel, 21-4 cm.) 


Fractions 
Spot 
no. 28-1 28-3 
1 Ry —s 0 Ry = 0 
2 R,=0-214 Ry,=0-214 
3 None None 


Biochemical 
28-2 activity Constituents 
Ry=0 Nil Phosphoric acid 
Rp=0-212 + Tricarboxylic acids 
R,=0-320 Nil Dicarboxylic acids 
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absence of a fluoroacetate spot that fluoroacetic acid 
has been separated in the process of fractionation. 

Controls to establish the absence of fluoroacetate 
from the ‘active’ fractions. It was important to make 
certain that the active fractions did not contain un- 
changed fluoroacetate carried over by adsorption on 
the precipitates. Using Whatman no. 4 paper, six 
spots were put in position: nos. 1 and 6, fluoroacetic 
acid (500 ug.) ; nos. 2 and 5, fraction 28-2 (equivalent 
to 335 ug. citric acid) and nos. 3 and 4, 28-2 plus 
fluoroacetic acid in the same quantities. The same 
solvents were used; and in a time of 11 hr. at 20°, the 
solvent travel was 24 cm. 


Active fraction 
+Fluoroacetic acid 


Fluoroacetic Active 
acid fraction 


CH.F. COOH («) 


Fig. 3. Chromatograph of fluoroacetic acid, of an active 
fraction and of active fraction +fluoroacetic acid. The 
spots show the travel for fluoroacetic acid and for di- 
carboxylic and tricarboxylic acids. The figures placed in 
the spots indicate the activity (% inhibition) of the 
extracts of the spots. (Control recovery; for fluoroacetic 
acid 57 %, active fraction 47%). 


One half of the chromatogram (A), including 
spots 1-3, was used to localize the substances; the 
other (B) was then placed upon A and disks were cut 
from the paper in the positions corresponding to the 
spots. The two spots due to phosphoric acid were 
omitted since these had been already proved to be 
inactive. The disks were submerged in 3 ml. 0-9% 
potassium chloride for 1 hr. at room temperature 
and 1 hr. at 38°; 1 ml. of the extract was then used 
for the activity test. 

To check the recovery, the same amounts of 
fraction 28-2 and of fluoroacetic acid used for the 
chromatography were placed on two disks of paper 
cut from sheet B in zones distant from the spots, the 
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disks being immediately extracted with 3 ml. 0-9% 
potassium chloride. 

Fig. 3 shows the chromatogram and the results of 
the activity test performed on the extracts of the 
spots, given in percentage effect upon citrate meta- 
bolism. 

This experiment demonstrated clearly that: 
(a) fluoroacetic acid has an FR, higher than the active 
fraction, (b) the activity was associated with the 
tricarboxylic acid fraction, (c) the activity was not 
due to fluoroacetate present in the fraction, since 
this separated quantitatively from the tricarboxylic 
acids. 

Hence, it seems proved that an active compound 
inseparable from tricarboxylic acids has been formed 
enzymically from fluoroacetate. It must now be 
considered whether this is a fluoro-compound. 


Fluorine content of ‘active’ fractions 


Since it was thought originally that the ratio 
fluorotricarboxylic acid: citric acid would be of the 
order 1:10 and since the material for test was scarce, 
in the first instance samples containing less than 
6mg. citric acid were used for the analysis. The results 
were all negative, when care was taken to exclude 
traces of phosphate from the final titration. It was 
then realized that it was possible that there was less 
fluorine present than could be detected using 
samples containing only 6 mg. citric acid, because in 
some species fluoroacetate is active in very small 
doses, e.g. LD; for the dog is 0-06 ug./kg., and at 
least 6 wg. fluorine must be present in the sample to 
be clearly detectable by the method of analysis used. 

When samples of ‘active’ fractions equivalent to 
26 mg. citric acid were taken, fluorine was found in 
unequivocal amounts. Table 5 shows the results 
upon three combined fractions, of which fraction 
28-2 was the most active. 


Table 5. Analysis of fluorine content of 
three combined ‘active’ fractions 


Fraction pg. F/26 mg. citric acid 
28-1 10 
28-2 26 
28-3 7 


Since these fractions still contained phosphoric 
acid, traces of which might interfere with the 
thorium titration, a control analysis was done in 
which 31-6 mg. orthophosphoric acid (10mg. P) 
were mixed with the usual reagents and the mixture 
steam distilled. Even though the temperature was 
allowed to rise to 147° and the distillation was con- 
tinued for 1 hr. the titration was negative in each of 
four 100ml. portions of distillate collected. A 
furthez fluorine estimation was performed upon the 
inactive fraction obtained in the control preparation 
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previously described. This also gave a negative 
result. The positive result of approximately 0-1% 
fluorine has also been obtained upon another very 
active fraction 6 months later than the results 
shown in Table 5. It is felt reasonable, therefore, to 
conclude that the active fractions contain fluorine; 
but they have never yet done so in amounts greater 
than would represent 1% of a fluorotricarboxylic 
acid. 

Attempts were made. to prove that the active 
tricarboxylic acid spot upon the chromatograms 
contained fluorine, but the amounts of citric acid so 
far obtained from these spots have been too small for 
detection of any fluorine present. 


Comparison of biochemical activity of the ‘active’ 
fractions with that of fluoroacetate in relation to their 
fluorine content 
An experiment was done with a kidney homo- 

genate in which the activity of fraction 28-2 was 

compared with that of fluoroacetate, both in causing 
the accumulation of citrate from fumarate and in 
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this, two rats and two mice were injected intraperi- 
toneally with large doses of ‘active’ fractions; none 
showed signs of intoxication. Both this test and the 
biochemical one in the preceding paragraph support 
the idea that the ‘active’ compound synthesized is 
not fluoroacetate itself. 


Further purification of fraction 28-2 


Attempts to purify the fraction further have been 
made, but have proved difficult owing to the small 
amount of active substance present. It is known that 
the ‘citric acid’ is accompanied by small amounts of 
isocitric acid (personal communication by Dr W. D. 
Lotspeich). There are usually present also as im- 
purities phosphoric acid and small amounts of nitric 
acid carried over in the fractionation; neither of 
these are biochemically active in the kidney test. 
As an example, analysis of the combined fraction 
28-2 showed that 1 ml. of the aqueous solution con- 
tained in addition to 26 mg. citric acid, 2-72 mg. 
inorganic P (=8-6mg. H,PO,) and 0-24 mg. 
organic P. 


Table 6. Comparison of the effect of active fraction 28-2 and fluoroacetate 


(Guinea pig kidney homogenate 1-9 m].; ATP (1 mg. Ba salt) 0-1 ml.; MgCl, (100 ug.) 0-1 ml.; sodium fumarate (20 ,mol.) 
or sodium citrate (10mol.) 0-2 ml.; active fraction or fluoroacetate (FAc) and 0-9% KCl to total volume 3-0 ml. Citric 
acid accumulates from added fumarate, or added citrate is prevented from disappearing, in presence of the inhibitor.) 


cc 


~ Inhibitor ae Nil 
Substrate 
Fumarate 0-246 
Citrate 0-216 


inhibiting the oxidation of added citrate. Table 6 
shows that the active fraction had a larger effect on 
the citrate metabolism, with either fumarate or 
citrate as substrates, even than fluvroacetate con- 
taining four times as much fluorine, and also that 
fluoroacetate itself had a larger effect upon citrate 
accumulation with fumarate than with citrate. 


Biological activity 

All the in vivo experiments performed with fluoro- 
acetate showed that (a) it acts upon an intracellular 
enzymic mechanism, and (b) that the citric acid 
which accumulated inside the tissue cells did not 
diffuse appreciably into the extracellular fluids. In 
fact it has been found that in rats poisoned with 
fluoroacetate, the level of citrate in the blood 
remains low while its accumulation in the cells is 
high (Buffa & Peters, 1949). Furthermore, it is 
known that citric acid injected intravenously does 
not penetrate the liver, muscle or heart cells 
(Martensson, 1940). Hence it was most improbable 
that a highly polar molecule like that of a fluorotri- 
carboxylic acid would be active in vivo. Insupport of 





Citric acid 
(umol.) 
ili ——-,, 
FAc FAc Fraction 28-2 
(0-28 ug.F) (0-95 yg. F) (0-26 ng. F) 
0-415 1-68 4-63 
0-216 0-70 4-64 


Some degree of purification was achieved by the 
use of ethanol after conversion to the trisodium 
salts. Test experiments upon citrate and phosphate 
mixtures kept at 0-25° showed that at 25 % ethanol 
concentrations (v/v) both the citrate and phosphate 
were in solution; increase of the ethanol concentra- 
tion to 52 % gave conditions in which the citrate was 
still soluble, but some 92% of the phosphate was 
precipitated. A careful test over a narrower range 
gave the optimum point as 59% ethanol for the 
ratio 4% phosphate:100% citrate remaining in 
solution. A portion of the combined fraction 28-2 
was treated in this way (see chart Table 7). 

The main precipitate (2) containing most of the 
biochemical activity was a white crystalline material 
giving a colourless solution of pH about 7-0. It 
analysed as follows: 1 mg. contained inorganic P, 
0-55 pg. (equiv. to 6-8 ug. Na,PO,.12H,O) ; organic P 
0-095 pg.; citric acid 428yg., equiv. to 775 pg. 
C,H,O,Na,.5H,O. On this basis 78 % of the fraction 
was accounted for; of the remainder some was 
proved by Dr W. D. Lotspeich to be isocitrie 
acid. 
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cis-Aconitic acid was absent from the active 
fraction. This was proved in two ways: (a) it was 
found possible to get separation of cis-aconitic acid 
by paper chromatography by using the solvent set: 
propan-2-ol, 6 vol./pyridine, 3 vol./water, 1 vol., 
e.g. citric + DL-isocitric acids, R, 0-155; cis-aconitic 
acid, R, 0-384. With this technique none of our 
combined active fractions 28-1, 28-2, or 28-3 showed 
the presence of cis-aconitic acid. 


Table 7. Purification of the combined fraction 28-2 


Combined fraction 28-2 





NaOH to pH 11-2 
Ethanol; at 0-5° for 2 days 


all the phosphate 
Py. 1 {about 20% of the initial citrate 


Supernatant 
| excess ethanol; at — 10° for 1 day 
| aug 2; about 80% of the initial citrate 
Supernatant 
at 2° for 5 days 
—_—Ppt. 3; about 2% of the initial citrate 
Supernatant 
evaporation 


| 
Gum. Ppt. 4 (traces of citrate) 


(6) A control experiment was set up. The flasks 
contained kidney tissue from two guinea pigs, 6—7 g.; 
sodium fumarate 256mg.; magnesium chloride 
equiv. to 4mg. Mg++; ATP (= 40 mg. barium salt) ; 
phosphate buffer 0-5m (pH7-2) 6ml.; 0:9% 
potassium chloride to final volume of 120 ml. After 
the usual incubation at 38° for 1 hr. and precipita- 
tion with TCA, after 5 min. the following mixture 
was added, in 10 ml., 80 mg. citric acid, 16 mg. cis- 
aconitic acid and 4 mg. DL-isocitric acid. Fraction- 
ation was carried out on the usual lines with barium 
and lead salts; chromatography of the isolated 
fraction showed that no cis-aconitic acid was 
present in it. Hence, the method of fractionation 
excludes any cis-aconitic acid which may be present 
initially. 

In terms of the citric acid present, fractions can 
show very high activity. Fig. 4 gives the details of an 
experiment carried out on one fraction after ethanol 
treatment; it shows that even the equivalent of 2 yg. 
citric acid in this case caused an inhibition of 
0-6l1ymol. In this experiment the straight-line 


relation between inhibition and the amount of the 
added fraction is evident. ; 

Though the main biochemical activity was in 
precipitate no. 2 (Table 7), there was some activity in 


BIOCHEMISTRY OF FLUOROACETATE POISONING 


475 


precipitate no. 4, where only traces of citric acid 
were present. This was the only case in which there 
appeared to be a discrepancy between citric acid and 
activity; and even this may be only apparent, be- 
cause there was too little of the fraction for accurate 


6 


5 


Citric acid over control (jimol.) 


i ae 8 12 16 
Citric acid in the fraction (j1g.) 
Fig. 4. Relationship between the concentration of the 
‘active’ fraction in terms of citric acid content and the 
effect upon citrate disappearance in a guinea pig kidney 


homogenate containing initially 10 pmol. citrate and rein- 
forced with ATP and Mg*t. 


determinations. The weight of the evidence narrows 
down to the presence of an active fluorocitrate 
because of the relatively small amounts of isocitrate 
present in the fractions. 


DISCUSSION 


It can be stated that an enzymically synthesized 
fraction can be isolated from poisoned kidney homo- 
genates which is not fluoroacetate and which be- 
haves like a tricarboxylic acid. Since these active 
fractions contain traces of fluorine which were 
absent from control preparations, it is inferred that 
a fluorotricarboxylic acid is present, which is 
probably fluorocitric acid. Comparative tests of the 
biochemical activity of the ‘active’ citrate and 
fluoroacetate show that the former is more active 
with either fumarate or citrate as substrates; the 
‘active’ fraction also shows no activity in vivo, 
which is consistent with the idea that it is a tri- 
carboxylic acid. The final decision as to the nature of 
the substance must await either the isolation of 
active fractions on a much larger scale or the syn- 
thesis of fluorocitric acid. 

During the course of our work various substances 
have been tried as possible inhibitors of citrate 
metabolism; thus ¢rans-aconitic acid, which might 
have arisen during chemical manipulations, had no 
activity when tried in amounts corresponding to our 
fractions (cf. Saffran & Prado, 1948); tricarballylic 
acid was also inactive. It was not realized until 
recently that Martensson (1946) had found large 
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increases in blood citric acid upon injecting guanidine 
compounds such as synthalin; we were also told by 
Prof. Ahligren that in his laboratory an investigator 
in unpublished experiments had found inhibition of 
citrate disappearance in vitro with guanidine com- 
pounds; we can confirm that with the kidney homo- 
genates 200 ng. synthalin B (16 uM) can cause citrate 
accumulation. This is an interesting fact, and 
further information from Lund is awaited with 
interest ; our ‘active’ substance is evidently active in 
much smaller amounts. 

The minute amount of any active fluorotri- 
carboxylic acid which, from our analytical figures, is 
sufficient to affect the metabolism of citrate in vitro 
raises an interesting problem in toxicology. It is not 
inconsistent with the small doses of fluoroacetate 
known to kill some animals; the LD,;) expressed in 
pg. F/g. tissue for the guinea pig is 0-07 yg. approxi- 
mately; this is close to the inhibitory concentration 
of fraction 28-2 in homogenates (0-26 ug. F/3 ml.). 
For the dog the LD,» in pg. F/g. would be one-sixth 
of this. Furthermore, the results obtained by Hagan, 
Ramsey & Woodward (1950) in their estimation of 
fluoro organic acid-fluorine in the tissues of poisoned 
rats showed that the possible amount was minute. 
For instance they found 5p.p.m. reckoned as 
fluoroacetate in the heart of the rat poisoned with 
5-8 mg./kg. and killed after 5 hr. Since, according to 
the results of Buffa & Peters (1949), in that time the 
accumulation of citric acid in the heart tissue should 
have been of the order of 1-2 mg./g. tissue, the ratio 
fluorine:citric acid was from 1:1000 to 1:2000. 
These figures are of the same order as those analysed ; 
for fractions 28-3, 28-1 and 28-2 the fluorine: citric 
ratios are 1:3710, 1:2600 and 1: 1000 respectively. 

The results obtained so far strengthen the evidence 
for the jamming hypothesis of the action of these 
C-F fluoro-compounds, and must be taken into 
account in attempts to reverse the effects of the 
poison in vivo. They make it clear why the admin- 
istration of acids of the ‘cycle’ would be unlikely to 
cause improvement as these would only increase 
citrate accumulation. 

The biological significance of these findings is 
particularly interesting; it has been proved that an 
intracellular enzyme can catalyse the formation of a 
substance inhibitory for another enzyme or enzymes 
of the same cell. Fluoroacetate differs from other 
toxic agents in that it is completely innocuous for 
isolated enzymes and becomes an effective poison 
only by the operation of some more organized 
(? mitochondrial) biochemical process. The accumu- 
lation of citrate so induced appears to upset the 
physiological balance of inorganic ions (Buffa & 
Peters, 1949; Peters, 1950). The only other analogy 
known to the writers is the case of pentavalent 
arsenicals, which become toxic when the arsenic is 
reduced to the trivalent form. 
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The mechanism by which the ‘active fractions’ 
influence citrate metabolism is not clear; it would be 
expected that one of the enzymes specially concerned 
with the citrate stage would be inhibited, that is 
aconitase, isocitric dehydrogenase, or oxalosuccinate 
decarboxylase. Yet, individual tests upon the iso- 
lated enzymes (Buffa et al. 1950) have not revealed 
any inhibitory action. Hence the complete enzyme 
system present in the kidney homogenates has pro- 
perties differing from those of the isolated com- 
ponents. This again emphasizes the complexity of 
the biochemical lesion produced by this poison. It is 
apparently not a simple case of competitive inhibi- 


‘tion because of the straight-line relation usually 


found between the amount of ‘active’ substance 
added and the effect upon citrate disappearance. It 
cannot be decided without further work whether the 
inhibition is due to blockage of an unknown enzyme 
or to some factor lost in the preparation of the iso- 
lated enzymes or to the organization of these 
enzymes in the cytoplasmic structure. 

During the course of preparation of this report 
Elliot & Kalnitsky (1950) have reported inde- 
pendently the presence of fluorine in somewhat 
similar citric acid fractions, and Massey, who worked 
with Rogers (1950) upon nematodes, has stated 
(private communication) that he has isolated citric 
acid fractions with biochemical activity against 
citric acid. 

SUMMARY 


1. The hypothesis that fluoroacetate after activa- 
tion condenses with oxaloacetate to form a fluoro- 
tricarboxylic acid which then jams the tricarboxylic 
acid cycle has been tested by incubating homo- 
genates of guinea pig and ox kidney cortex with 
fumarate, fluoroacetate and adenosine triphos- 
phoric acid. The citric acid so formed has been iso- 
lated by selective precipitations with barium and 
lead at different pH values. 

2. The final fractions contained citric and other 
tricarboxylic acids, some phosphoric acid and 
occasionally dicarboxylic acids; the phosphoric acid 
could be largely separated by precipitation with 
ethanol-water mixture. 

3. These fractions synthesized enzymically 
showed in vitro properties similar, though different 
in detail, to those of fluoroacetate, in the sense 
that they inhibited the disappearance of citrate 
when added to a reinforced guinea pig kidney 
homogenate in the presence of either citrate or 
fumarate. 

4. The ‘active’ fractions were inseparable chro- 
matographically from the tricarboxylic acids; they 
contained small amounts of combined fluorine and 
were free from fluoroacetic acid. In terms of fluorine 
content, they were more active than fluoroacetate in. 
preventing the disappearance of citrate. 
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5. All the evidence obtained was consistent with 
the conclusion that the activity of the fractions was 
due to the presence in them of a fluorotricarboxylic 
acid as postulated in the hypothesis. 


Our thanks are due to Prof. M. Stacey, F.R.S., for advice 
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upon the analysis of fluorine, to Dr C. 8S. Hanes and Dr F. A. 
Isherwood for their help in the paper chromatography. We 
are also grateful to Prof. T. Thunberg for drawing our atten- 
tion to the results of Dr J. Martensson, to Prof. J. H. Burn, 
F.R.S., for a specimen of Synthalin B, and to Miss V. Bustin 
for technical assistance. 
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The Separation and Identification of Small Amounts 
of Mixed Amino Sugars 


By E. F. ANNISON, A. T. JAMES* (Beit Memorial Fellow) anp W. T. J. MORGAN 
The Lister Institute of Preventive Medicine, London, S.W. 1 


(Received 22 September 1950) 


The amino sugars occur as components of muco- 
polysaccharides, mucoids and glycoproteins. In 
some materials the amount and nature of the amino 
sugar present has been satisfactorily determined 
after hydrolysis of the material with strong acid, the 
amino sugar being isolated as the crystalline hydro- 
chloride. In many instances, however, the yield of 
amino sugar is small compared with the amount 
estimated to be present by the colorimetric pro- 
cedure of Elson & Morgan (1933) or by one of the 
many modifications of this method now in use 
(Nilsson, 1936; Palmer, Smyth & Meyer, 1937; 
Sorensen, 1938; Hewitt, 1938; Blix, 1948; Immers & 
Vasseur, 1950). A low yield of crystalline hydro- 

* Present address: National Institute for Medical 
Research, Mill Hill, London, N.W. 7. 


chloride makes a decision as to whether the original 
material contains more than one kind of amino sugar 
difficult and the only two quantitative colorimetric 
methods available (cf. Elson & Morgan, 1933; 
Dische & Borenfreund, 1950) fail to distinguish 
glucosamine from chondrosamine. 

An examination by means of paper chromato- 
graphy of the mucoids which carry the human blood- 
group characters indicates the presence of two amino 
sugars, glucosamine and chondrosamine, in each 
group substance (Aminoff & Morgan, 1948; Aminoff, 
Morgan & Watkins, 1950). In view of the fact that 
a single, apparently homogeneous, mucoid had not 
previously been shown to contain two amino sugars 
it was desired to isolate crystalline derivatives of 
the two hexosamines. 
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There are available a number of methods for the 
isolation of 10-30 mg. amounts of glucosamine, but 
in most instances the corresponding derivatives of 
chondrosamine are too soluble in water and are quite 
unsuitable for the isolation of small quantities. The 
isolation of chondrosamine by the method of Jolles 
& Morgan (1940) from hydrolysis products of mucoid 
materials containing only 20 or 30 mg. of a mixture 
of both the amino sugars was not entirely satis- 
factory in the presence of amino-acids. A new 
method which would allow the quantitative isola- 
tion of each amino sugar from a mixture of both 
and in the presence of amino-acids was therefore 
developed. 

The success which had attended the use of 1:2:4- 
fluorodinitrobenzene (FDNB) for the identification 
of the free amino groups in proteins and peptides 
(Sanger, 1945, 1949 a, b; Porter & Sanger, 1948) 
suggested that the amino groups in the naturally 
occurring glucosamine and chondrosamine could 
likewise be employed to yield coloured N-2:4-dini- 
trophenyl (DNP) derivatives, which could then be 
separated by one of the well known chromatographic 
procedures. 


CH,OH CH,OH 
H 0 OH 0 

H H 

oH H DCH.OH oH oH )CH.OH 
OH H ° 

H NH NO, H NH. NO, 

NO» NO, 
I rut 


The structural difference between DNP glucos- 
amine (I) and DNP-chondrosamine (II) resides in 
the configuration of C-4 in these amino sugars. This 
difference, however, does not in itself bring about 
a sufficient change in properties to allow of a quan- 
titative separation of these derivatives by simple 
crystallization, but a separation can be achieved by 
utilizing the difference in the relative positions of 
the hydroxyl groups attached to C-3 and C-4. 
Glucosamine possesses a 3:4-trans-diol structure, 
whereas the corresponding groups in chondrosamine 
have a cis-configuration. Complex formation be- 
tween boric acid and the cis-hydroxyl groups in 
carbohydrates is well known (Béeseken, 1949), and 
this property of complex formation is now used as 
a basis for the development of a method which 
accomplishes the separation of the DNP derivatives 
of glucosamine and chondrosamine when these 
amino sugars are present in small quantities in the 
products of the acid hydrolysis of mucoids. A 
preliminary account of the method has already 
been published (Annison, James & Morgan, 
1950). 
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All melting points given below are uncorrected unless other- 
wise stated. C, H and N analyses were made by Drs Weiler 
and Strauss, Oxford. 


Preparation of the N-2:4-dinitrophenylamino sugars 
N -2:4- Dinitrophenyl - p - glucosamine. D - Glucosamine 
hydrochloride (0-001 mol.) dissolved at 0° in 4 ml. 0-4m- 
potassium borate pH 9-8 was immediately treated with a 
freshly prepared solution of FDNB (0-005 mol.) in ethanol 
(150 ml.) also at 0°. The mixture was shaken vigorously, 
allowed to stand for 48-72 hr. at 0° and then taken to dryness 
under reduced pressure at this temperature. The DNP 
derivative was extracted with ether and the extract taken 
to dryness and crystallized from (a) 20% (v/v) aqueous 
acetone, (b) acetone-light petroleum (b.p. 60-80°) or 
(c) methanol-benzene. DNP-glucosamine was obtained as 
orange-yellow needles, m.p. 202-204° (corr.). [%]s46, +65+3° 
in 80% (v/v) ethanol (c, 1). (Found: C, 42-1; H, 4:3; N, 
12-4. C,,H,;O,N, requires C, 41-8; H, 4-4; N, 12-2%.) 
N-2:4-Dinitrophenyl-p-chondrosamine. This was prepared 
in the same manner. Crystallized from acetone it yielded 
pale-yellow needles, m.p. 184-186° (corr.). [o];4¢, +84+3° 
in 80% (v/v) ethanol (c, 1). (Found: C, 42-0; H, 4-4; N, 
12-4. C,,H,,0,N; requires C, 41-8; H, 4-4; N, 122%.) 


Separation of the N-2:4-dinitrophenylamino sugars 


It seemed probable that a complex formed be- 
tween boric acid and the cis-hydroxyl groups of 
DNP-chondrosamine would possess a partition 
coefficient favouring its solubility, compared with 
that of the corresponding derivative of glucosamine, 
in the aqueous phase of a partition chromatogram. 
Attempts to use aqueous boric acid as the stationary 
phase on columns of silica gel and kieselguhr with 
different organic solvent systems, however, gave no 
separation of the DNP derivatives. Attention was 
then turned to partition chromatograms having 
alkaline 0-1m-borate buffer as the stationary phase, 
but again no useful separation of the two DNP de- 
rivatives was observed when the pH of the borate 
solution was lower than 9-0. When, however, the 
pH of the buffer was raised to about 9-7 and the 
solvent systems 20% (v/v) n-propanol-cyclohexane 
or 20 % (v/v) amyl alcohol-chloroform were used, a 
separation was accomplished. 

Replacement of the sodium borate-sodium hy- 
droxide buffer by a glycine-sodium hydroxide or by 
a carbonate-bicarbonate buffer of the same pH and 
strength did not give rise to a separation of the DNP- 
amino sugars on the column; only asingle broad band 
was observed which moved at approximately the 
same rate as DNP-glucosamine. The behaviour of 
the DNP-amino sugars in the presence of borate 
suggested strongly the formation of a complex be- 
tween the DNP-chondrosamine and the borate ion. 
An increase in the concentration of the borate ion 
without change in pH caused a greater separation 
of the DNP-amino sugar bands. To obtain a useful 
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increase in the concentration of borate ion above 
0-1m at 1-3°, however, it was necessary to change 
from sodium to potassium borate, and columns 
holding 0-2Mm-potassium borate buffer as the 
stationary aqueous phase gave a very useful separa- 
tion of the DNP-amino sugars. In most of the 
experiments described below 0-2M-potassium borate- 
potassium hydroxide buffers at pH values between 
9-7 and 9-9 were used. 

It was observed that when kieselguhr columns 
were used at room temperature (18—-22°) the two 
yellow bands arising from the DNP-amino sugars 
faded somewhat during their passage through the 
column, presumably owing to the occurrence of a 
significant amount of alkaline decomposition of the 
DNP derivatives. Accordingly, the columns are best 
used between 1 and 3° in a thermostatically con- 
trolled cold room. Under these conditions no signifi- 
cant decomposition of the DNP-amino sugars occurs, 
excellent separation is achieved and very satis- 
factory yields of the derivatives are obtained from 
the column. 


Preparation and use of the column. Hyflo-Super Cel (40 g.) 
is treated with 20 ml. of the aqueous phase from the system 
0-2m-potassium borate-KOH (100 ml.)—30% (v/v) amyl 
alcohol-CHCI, (1000 ml.) equilibrated at 2°. The kieselguhr 
is stirred vigorously to form a free-flowing powder and then 
just sufficient of the organic layer of the solvent system is 
added to form a thin slurry. A small part of this is poured 
into a tube (2-2 x 60 cm.), the base of which is drawn in to 
support a stainless steel plate which is perforated with holes 
2mm. in diameter and carries a disk of filter paper. The 
remaining part of the slurry is then introduced into the tube 
in small portions at a time and tightly packed by means of 
a perforated stainless steel disk of the type described by 
Howard & Martin (1950). Packed by this procedure to a 
height of about 40 cm. a column is obtained which gives 
perfectly straight fronts with no channelling and can be used 
for 20-30 mg. amounts of mixed DNP-hexosamines. The 
DNP preparation to be examined is mixed with a small 
amount of the organic solvent phase, poured on to the top 
of the column and allowed to become absorbed in the first 
few mm. of the filling. The chromatogram is then developed 
under gravity with the selected solvent system in the usual 
way. Any DNP-amino-acids present in the mixture are 
retained at the top of the column. The fastest moving band 
consists of coloured impurities which arise during the 
formation of the DNP derivatives. The second yellow band 
is DNP-glucosamine and the third, and slowest moving 
component, DNP-chondrosamine. In practice it has been 
found convenient to collect the two DNP-amino sugars 
together and, after removing the solvent at about 2°, to 
redissolve them in a fresh quantity of the organic phase and 
run them a second time on a new column. In this way it is 
possible to obtain a wide separation of the yellow DNP- 
hexosamine bands together with the complete elimination of 
coloured impurities and DNP-amino-acids, if they are 
present in the original material. The concentration of the 
alcohol in the organic phase can be increased to 35-40 % (v/v) 
to speed up the movement of the DNP derivatives on the 
column. 
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Determination of the N-2:4-dinitrophenylhexosamines. The 
concentration of the DNP-amino sugar in each fraction 
issuing from the column was at first determined by measuring 
the light absorption of a unit depth of the eluate in a photo- 
electric colorimeter using a blue filter. A calibration curve 
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Fig. 1. The ultraviolet absorption spectra of DNP- 
glucosamineand DNP-chondrosamine (0-0025 % solutions 
in ethanol). -©-@-, DNP-glucosamine; -@-@-, DNP- 
chondrosamine. 
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Fig. 2. The optical density-DNP-amino sugar concentration 
relationship over the range 3-12 yg./ml. -©-@-, DNP- 
glucosamine; —/\—/\-, DNP-chondrosamine. 


of concentration against colorimeter reading was constructed 
for each of the DNP derivatives and used to determine the 
approximate distribution of the DNP-hexosamines in the 
eluate. In later experiments where the separation of the 
amino-sugar derivatives appeared to be quite complete, as 
judged from the wide separation of the yellow bands on the 
column, the whole of the material in the band was collected 
as one fraction, taken to dryness, redissolved in ethanol and 
estimated in the Uvispek spectrophotometer. Absorption 
curves of the two hexosamine derivatives in solution in 
ethanol (Fig. 1) showed that a maximum absorption occurred 
at 3550 A. for both compounds. The relationship between 
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concentration within the range 3-12 yg./ml. and extinction 
at this wavelength for the authentic DNP-hexosamine 
derivatives in the same solvent was obtained (Fig. 2), and in 
this way the concentrations of these substances in the eluates 
from the columns were determined. 

Removal of the solvent from the fractions. In order to 
prevent decomposition of the DNP-amino sugars at the 
alkaline reaction employed, it is necessary during removal of 
the solvents to keep the temperature as near 0° as possible. 
This is accomplished by allowing the solvents to be drawn 
off rapidly and completely at pressures below 10 mm., a 
procedure which is greatly facilitated by employing a 
rotating magnetic stirrer to keep the sides of the flask 
covered with a thin film of solvent and so increase the 
effective surface area of the solvent during evaporation. The 
solutions should be protected from direct sunlight during 
manipulation. 


07 


Oo oOo 
» & z c < 


Concentration of amino sugar (mg./ml.) 


= 





240 280 
Volume of eluate (ml.) 


Fig. 3. Separation of artificial mixture of DNP-amino sugars. 
Concentration of DNP-amino sugars in eluate fractions 
from 30% (v/v) amyl alcohol-CHCl,-0-2m-potassium 
borate (pH 9-9) kieselguhr column. Area enclosed by 
curve A, DNP-glucosamine. Area enclosed by curve B, 
DNP-chondrosamine. 


The chondrosamine-borate complex. It was observed that 
after removal of the solvent mixture from the DNP-chondro- 
samine-containing fractions emerging from the column, and 
recrystallization of the material from an acetone-light 
petroleum mixture, the yellow needles obtained melted with 
decomposition at temperatures between 210 and 235° for 
different preparations, whereas DNP-chondrosamine not 
run on the column melted at 182°. Recrystallization of the 
material with the high melting point from an aqueous solvent 
system, such as 25% methanol, gave crystals which melted 
at 181° and showed no depression of melting point when 
mixed with authentic DNP-chondrosamine. .It seems 


probable that the high melting material is a DNP-chondro- 
samine-borate complex which is readily dissociated on 
crystallization from aqueous solvents, but no direct experi- 
ments to confirm this suggestion have been made. 
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Standardization of separation technique. The main pro- 
cedure for the separation of DNP-amino sugars was stan- 
dardized by using mixtures of known weights of the sub- 
stances, The separation achieved, when a mixture of about 
15 mg. of each of the DNP-amino sugars was run at 1-3° in 
30 % (v/v) amyl alcohol-CHCl, on a standard column buffered 
with borate at pH 9-9, was determined colorimetrically from 
the amount of material in successive fractions (2-4 ml.) 
emerging from the column, collected by means of a me- 
chanical fraction cutter (James, Martin & Randall, 1950). The 
results are given in Fig.3. The substance, obtained by pooling 
the material present in all fractions taken between 130 and 
180 ml. of eluate and which comprised the fastest running 
band, was identified after recrystallization as DNP-glucos- 
amine (m.p. 199°). The second band, emerging as fractions 
collected over the range 220-350 ml. of eluate, gave rise to 
DNP-chondrosamine (m.p. 180-182°) after recrystallization 
from 25% (v/v) aqueous ethanol. In a series of similar 
experiments the recovery of each DNP-amino sugar was 
90-95 % of the amount put on the column. 

Yield of N-2:4-dinitrophenylamino sugar from amino- 
sugar hydrochloride. The yield of DNP-amino sugar from a 
known amount of the amino-sugar hydrochloride was deter- 
mined using the method of conversion to the DNP-derivative 
and its recovery from the ‘standard’ column already 
described. Mixtures of amino-sugar hydrochlorides were 
treated in the same way and the recovery of each DNP-amino 
sugar from the column determined colorimetrically. The 
results are summarized in Table 1 and indicate that yields of 
the order of 80% DNP-amino sugars, in terms of the original 
amino-sugar hydrochloride used, may be expected from 
mixtures of 20mg. amounts of the amino-sugar hydro- 
chlorides. 


Table 1. Yield of N-2:4-dinitrophenylamino- 
sugar from amino sugar hydrochloride 


Wt. of Yield 
amino-sugar of DNP 
hydrochloride derivative 
Amino-sugar used (% of 
hydrochloride (mg.) theoretical) 
Glucosamine a 24-6 75 
b 25-4 79 
c 25-6 81 
Chondrosamine a 20-9 74 
b 20-1 75 
Mixed glucosamine a 23-5 81 
and chondrosamine } 19-2 82 
Mixed glucosamine a 25-8 77 
and chondrosamine } 24-6 81 


In the first attempts to procure additional evidence in 
support of the conclusions reached as to the nature of the 
amino sugars present in the biological materials examined, 
the individual DNP derivatives isolated from the material 
were added to a mixture of known weights of authentic 
DNP-glucosamine and DNP-chondrosamine and subjected 
to chromatographic analysis on the standard column. The 
results obtained when 10 mg. of material obtained from 
hog gastric mucoid (Morgan & King, 1943) and believed to 
be DNP-chondrosamine was added to DNP-glucosamine 
(12 mg.) and DNP-chondrosamine (12 mg.) and the mixture 
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run through the column are given in Fig. 4 from which it will 
be seen that the concentration of the eluate fractions corre- 
sponding to DNP-chondrosamine alone show an increased 
height. A similar result was obtained when 9 mg. of material 
believed to be DNP-glucosamine, which had likewise been 
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Fig. 4. Concentration of DNP-amino sugars in eluate 
fractions from 20% (v/v) amyl alcohol-CHCl,-0-1m- 
sodium borate (pH 9-9) kieselguhr column. -©-@©-@-, 
DNP-glucosamine (12 mg.) and DNP-chondrosamine 
(12 mg.); -A-A-A-, same as -©@-@-@-, but with 
10 mg. DNP-chondrosamine, isolated from hog gastric 
mucin, added. 


isolated from hog gastric mucoid, was added to the same 
mixture of DNP-amino sugars. In this instance, however, 
only the amount of DNP-glucosamine recovered was 
increased, the amount of DNP-chondrosamine remaining 
constant at 12 mg. 


The isolation of N-2:4-dinitrophenylglucosamine 
and N -2:4-dinitrophenylchondrosamine from A 
substance 


A preparation (100 mg.) of blood-group A substance 
isolated from ovarian cyst fluid according to the method 
described by Aminoff et al. (1950) was hydrolysed for 16 hr. 
at 100° with 0-5 N-HCl in an atmosphere of N,. The hydrolysis 
products were then taken to dryness in vacuo over solid KOH 
and H,SO, and dissolved at 0° in 5 rl. of 0-4M-potassium 
borate buffer (pH 9-7). If necessary, the pH was adjusted 
to this value by the addition of NaOH. A solution of FDNB 
(500 mg.) in 100 ml. of cold ethanol was added to the borate 
solution, the mixture shaken vigorously, allowed to stand 
at 0° for 2-3 days and finally taken to dryness in vacuo at 
0-3°. A portion (1 ml.) of the aqueous phase of the solvent 
system and kieselguhr (2 g.) were then added to the dried 
DNP derivatives and the whole, after thoroughly mixing 
until an even-coloured yellow powder resulted, was trans- 
ferred to the top of a 40 g. kieselguhr column prepared as 
already described. Any yellow material remaining in the 
reaction flask was dissolved in a few drops of the 30% (v/v) 
amyl] alcohol-CHCl, solution and added to the column. 

The DNP-amino-acids were retained at the top of the 
column or at most moved very slowly, as at pH values above 
9 they exist entirely in the ionized form. The first and most 
rapidly moving band consisting of coloured by-products of 
the reaction was rejected. The second and third bands 
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which comprised the DNP-glucosamine and DNP-chondro- 
samine derivatives, respectively, were collected together and 
taken to dryness in vacuo at 1-3°. The yellow residue was 
dissolved in a few ml. of the organic phase, transferred to the 
top of a fresh column and the chromatogram developed in 
the usual way with the amyl alcohol-CHCl, solvent system 
at 1-3°. Under the conditions described the DNP-amino 
sugar derivatives were well separated on the column and the 
eluate could be easily handled to yield the individual DNP- 
amino sugars. 

The DNP-glucosamine, after eliminating the amy] alcohol- 
CHCl, solvent mixture and recrystallizing from 15% (v/v) 
aqueous acetone, melted at 199-201°. Mixed m.p. with 
authentic DNP-glucosamine, 199-202°. [a];4., +61+43° 
in 80 % (v/v) ethanol (c, 1). (Found: C, 42-5; H, 4-8; N, 11-8. 
Cale. for C,,H,;0,N;: C, 41-8; H, 4-4; N, 12-2%.) The 
DNP-chondrosamine-containing eluate was similarly treated 
and the material obtained recrystallized from 80% (v/v) 
aqueous acetone and finally from acetone at —10°. Fine 
pale-yellow needles were obtained which melted at 181°. 
Mixed m.p. with authentic DNP-chondrosamine 180°. 
[a]sa61 + 86+4° in 80% (v/v) ethanol (c, 1). (Found: C, 42-4; 
H, 4:5; N, 11-9. Cale. for C,.H,;0,N,: C, 41-8; H, 4-4; 
N, 12-2%.) The 100 mg. sample of A substance used gave 
22-9 mg. DNP-glucosamine and 25-6 mg. of DNP-chondro- 
samine. Glucosamine : chondrosamine ratio, 1-00: 1-13. A 
duplicate experiment gave the ratio, 1-00 : 1-12. 

The X-ray powder photograph of the DNP-chondrosamine 
isolated was found to be not significantly different from that 
given by an authentic specimen of DNP-chondrosamine and 
differed markedly from the corresponding derivative of 
glucosamine. 

Glucosamine and chondrosamine have also been identified 
as components of the mucoids which carry the human blood 
group characters known as ‘ Lewis’ (Le*) and ‘ H’ (so-called 
O property). Full details of this work will be given in 
subsequent publications. 


DISCUSSION 


The interaction between borate ions and organic 
compounds containing two cis-hydroxyl groups is 
well known (see Boeseken, 1949), and this property 
has been used as the basis for the development of a 
method for the separation and identification of small 
quantities (10-20 mg.) of the naturally occurring 
amino sugars. The elaboration of a suitable method 
involved (1) the conversion of the amino sugars into 
coloured derivatives, the behaviour of which could 
be readily observed on a kieselguhr column, and 
(2) the subsequent development of conditions that 
would give rise to the formation of a complex be- 
tween the 3:4-cis-hydroxyl groups of chondrosamine 
and the borate ion. The DNP derivatives of the 
amino sugars are easily formed, possess a distinctive 
yellow colour, are very suitable for following the 
movement of the amino sugars during their passage 
through the column and are easy to identify. 

The formation of a complex between the chondro- 
samine and the borate ion occurs at pH values of 
about 10 and is most probably due to the reaction of 
the 3:4-cis-diol of the amino sugar with the meta- 
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borate ion. It seems probable that the extent of 
complex formation depends on the amount of meta- 
borate present, which in turn is determined by the 
alkalinity of the borate solution. Solutions more 
alkaline than pH 10 bring about decomposition of 
the DNP-amino sugars and at the same time decrease 
the concentration of the metaborate ion with the 
formation of BO;”” and B,O;7 . 

The experimental evidence seems to indicate that 
the separation of the two DNP-amino sugars depends 
on the formation of an easily dissociable complex of 
DNP-chondrosamine and the borate ion, which leads 
to an increase in the solubility of the chondrosamine 
in the aqueous phase of the partition chromatogram. 
This is indicated by the broadness of the DNP- 
chondrosamine band which is found to be consider- 
ably greater than expected from its retention 
volume. Furthermore, an increase in the concen- 
tration of the borate ion, without changing the pH 
of the system, brings about a greater separation of 
the two DNP-amino sugars, and no separation of the 
two DNP-amino sugars occurs when sodium 
hydroxide-glycine or carbonate-bicarbonate buffer 
of the same pH is used in place of the potassium 
hydroxide-borate buffer. Finally, the DNP-chon- 
drosamine isolated directly from the eluate has a 
higher melting point than DNP-chondrosamine that 
has not been passed through the column. The high- 
melting material, which is most probably the DNP- 
chondrosamine borate complex, is converted to that 
of the authentic DNP-chondrosamine after simple 
recrystallization from aqueous organic solvents. 

If the formation and separation of the DNP- 
derivatives of the amino sugars is carried out under 
the conditions described the yields of these sub- 
stances are about 80% of the amino sugars em- 
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ployed. The application of the technique to the 
separation and identification of the amino sugars in 
biological materials will be given later, but a single 
example is described, the isolation of DNP-glucos- 
amine and DNP-chondrosamine from 100mg. of 
human blood-group A substance. This indicates that 
the method is suitable for the recovery and char- 
acterization of amino sugars present in complex 
macromolecules in which simple hexoses and methyl- 
pentoses as well as a high proportion of amino-acids 
are also present. 


SUMMARY 


1. A method is described for the isolation and 
characterization of small quantities (10-20 mg.) of 
glucosamine and chondrosamine when these sugars 
are found together and in the presence of other 
sugars and amino-acids, as in the human blood-group 
mucoids. 

2. The method depends on the conversion of the 
amino sugars into their N-2:4-dinitrophenyl de- 
rivatives and the chromatographic separation of 
these substances using alkaline borate as the aqueous 
and 30% (v/v) amyl alcohol-chloroform as the 
organic phase. 

3. Theseparation is probably due to the formation 
of a complex between the cis-diol of the dinitro- 
phenyl derivative of chondrosamine and the meta- 
borate ion. 


Our thanks are due to Prof. A. R. Todd, F.R.S., who 
arranged for the X-ray powder photographs to be taken, to 
Dr A. J. P. Martin, F.R.S., for much helpful advice, and to 
Prof. E. Jorpes, Karolinska Institute, Stockholm, for a 
generous supply of chondrosamine hydrochloride. One of us 
(E. F. A.) is indebted to the Medical Research Council for 
a Studentship. 
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The Enzymes of Carbohydrate Metabolism in Neurospora 
1, SUCCINIC DEHYDROGENASE 


By C. J. SHEPHERD* 
Genetics Unit, Botany School, University of Cambridge 


(Received 18 September 1950) 


As a preliminary to combined genetical and 
biochemical investigations of carbohydrate meta- 
bolism in Neurospora, it was deemed essential to 
isolate and study the enzyme systems involved. 

There is no information regarding the mechanisms 
involved in carbohydrate oxidation in Neurospora, 
though there is some indirect evidence for the occur- 
rence of certain enzymic reactions. Ryan, Tatum & 
Giese (1944) have shown that succinic, fumaric and 
malic acids can all reverse the inhibition of growth 
and respiration of the mould caused by iodoacetic 
acid. Succinic acid could not be used as an energy 
source, for the mould would not grow on it in the 
absence of sugar. They concluded that there is a 
strong suggestion that the action of the C, acids is 
catalytic. Lewis (1948) described Neurospora 
mutants with a genetic block occurring in the carbo- 
hydrate metabolism of the mould, the block being 
postulated to occur in the tricarboxylic acid cycle. 

In other fungi, Tausson (1941) concludes that the 
C, dicarboxylic acids play an important part in the 
synthetic processes of the cell, and Foster & Davies 
(1949) showed that air-dried mycelium of Rhizopus 
nigricans can oxidize succinate readily at neutral pH 
values. 

The enzyme succinic dehydrogenase is widely 
distributed in nature, having been found in bacteria, 
moulds, insects and most vertebrate tissues (Elliott, 
1941). In the present paper it is shown that it occurs 
in Neurospora and some of the properties of the 
enzyme are described. 


EXPERIMENTAL 


Organisms and medium. The only wild type strain of 
Neurospora crassa used was Beadle 25a. In addition, the 
‘succinicless’ mutants 55901, 39311, 47807, 66702 and 35402, 
which have been described by Lewis (1948), have also been 
investigated for succinic dehydrogenase. 

The medium used was: 2-0 g. KNO,, 1-0 g. KH,PO,,0-5g. 
MgSO,.7H,0, 10-0 g. glucose, 4 wg. D-biotin, 10 wg. boron, 
100 ng. copper, 200 wg. iron, 20 ug. manganese, 30 yg. 
molybdenum, 2 mg. zinc, 1000 ml. water. The pH was 
adjusted to 5-8 with KOH before autoclaving. Stock 
material for inoculations was grown on slopes of the above 
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medium solidified with 1-5% agar. The medium for the 
mutants had, in addition, 1-0 g. sodium succinate/]. 

Tn all cases, incubation was for 72 hr. at 25°. 

Chemicals. All reagents used were ‘ Analar’ grade. Cyto- 
chrome c was prepared by the method of Keilin & Hartree 
(1945) and standardized spectrophotometrically. Sodium 
succinate (British Drug Houses Ltd.) was purified by the 
method of Potter & Schneider (1942). 

Measurement of enzyme activity. Enzyme activity was 
measured by the standard Warburg and Thunberg tech- 
niques, at 37° unless otherwise stated, and expressed as 
Qo, (ul. O, uptake/mg. dry wt./hr.). The total reaction 
mixture volume used was always 3-2 ml. In the Warburg 
technique KOH was present in the centre cup and succinic 
acid, as the neutral Na salt, was added after equilibration. 

Enzyme preparations. For experiments on intact mycelium, 
the mould was grown in a deep aerated culture apparatus, 
in which the mould produced very numerous short hyphae, 
instead of a mycelial mat. The culture could then be 
used as acell suspension, analogous to a yeast or bacterial 
suspension. 

For cell-free enzyme preparations, the mycelium was 
grown in Roux bottles, 120 ml. medium being used in each 
Roux bottle. An inoculum of about 10° conidia suspended in 
1-0 ml. water was used for each Roux bottle. Cell-free pre- 
parations were obtained using a modification of the method 
of Umbreit, Wood & Gunsalus (1946). The mycelium was 
filtered from the culture medium and washed with 25 ml. 
water/g. wet weight of mycelium. It was then pressed to 
remove surplus moisture, frozen in celluloid tubes in liquid 
air for 30 min. and finally homogenized in 0-1 M-phosphate 
buffer (pH 7-4) for 2-5 min., at 0°, in a Waring blender. 
For each gram of mycelium, 10 ml. buffer was used. The 
solid fraction of the blend was then spun down by centri- 
fugation at 2400 g for 10 min., washed twice with glass- 
distilled water and then resuspended in 0-1M-phosphate 
buffer, pH 6-74. 

Effect of variables during the enzyme preparation. It was 
found that the method described above gave the most 
active enzyme preparations. Omission of the preliminary 
washing of‘ the mycelium led to inactive preparations, 
presumably due to traces of heavy metals derived from the 
culture medium being present. Delay between washing and 
blending the cell-free preparation also led to inactivity. 
Blending between pH values of 7 and 8 gave the most active 
preparations, higher and lower pH values resulting in 
inactivity. 

Freezing in liquid air (or in solid CO, and acetone) was 
found essential for optimum activity, yielding preparations 
with a Qo, of 10-15. Blending at 0° gave preparations with 
a Qo, of only 4-8, while blending at any higher temperature 
gave totally inactive preparations. 
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The most active preparations were obtained from growing 
cultures, the activity falling off rapidly as soon as autolysis 
of the mycelium starts. The age of the conidial inoculum 
was found to have no effect on the enzymic activity of the 
mycelium produced. 

Air-dried and freeze-dried mycelia had negligible succinic 
dehydrogenase activity. Fresh, intact mycelium had 
negligible enzyme activity, but a very large respiration 
blank Qo, of 5-15. With cell-free enzyme preparations, two 
washings in distilled water were found adequate to reduce 
the blank Qo, to a zero value. 
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Fig. 1. Effect of pH on enzyme stability. A, pH 7-5; 
B, pH 6-8; C, pH 8-3. Main flask contained: 0-4 ml. 
4x10-*m-cytochrome c, 2-5 ml. enzyme suspension in 
phosphate buffer of appropriate pH; 0-2 ml. sodium suc- 
cinate solution (final concen. 0-005m) in the side bulb; 
0-1 ml. 20% (w/v) NaOH in the centre well. For the 
Thunberg experiments, 2-0 ml. enzyme in buffer of the 
appropriate pH, 0-2 ml. of 0-1M-sodium succinate, and 
1-0 ml. of 0-001 % methylene blue. 
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All the enzymic activity was found to be associated with 
the insoluble cellular constituents and, although numerous 
attempts were made, it was found impossible to increase the 
activity of the enzyme any further. 

The pH of the suspending buffer was shown to have con- 
siderable effect on the enzyme stability. The results of this 
study are shown in Fig. 1. 

Enzyme preparations were stored at 0° until they were 
required for use; they were then used immediately. 


RESULTS 


Dependence of activity on pH. The activity of 
succinic dehydrogenase and succinoxidase was 
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measured at different pH values and in each case 
there was a double optimum at 6-9 and 8-1 (Fig. 2). 

Phosphate buffer was used for the range pH 6-8 
and glycine buffer for the range 8-2—10-1. Borate 
and veronal buffers were found to be inhibitory. All 
the buffers were used in 0-1 M-concentration and the 
pH was checked at the termination of each experi- 
ment, using a Cambridge glass-electrode pH meter. 

The optimum activity of the enzyme present in 
muscle and bacteria occurs according to Ohlsson 
(1921) and Cook & Alcock (1931) at about pH 9-0, 
while the optimum for succinoxidase activity in rat 
liver is reported to be at pH 7-5-7-7 (Schneider & 
Potter, 1943). : 


0 

15 A -=10 
20 

§ 10 B 730 
40 


60 


Reduction of methylene blue (min.) 


pH 
Fig. 2. Effect of pH on enzyme activity. A, Qo, of succinic 
dehydrogenase + carrier system; B, reduction of methy- 
lene blue by succinic dehydrogenase preparation. Experi- 
mental details as for Fig. 1. 


Substrate concentration and the quantitative nature 
of the oxidation. The effect of concentration of suc- 
cinic acid from 0 to 0-012Mm was investigated. The 
Michaelis constant was determined as 0-0015mM 
(Fig. 3). 

The oxidation was found to be quantitative over 
the range of concentrations tested (Fig. 4). 

Activators and hydrogen carriers. It has been 
reported that the succinoxidase system is activated 
by calcium ions (Axelrod, Swingle & Elvehjem, 1941) 
and also by rare earths (Horecker, Stotz & Hogness, 
1939). It was found that there was no activation of 
the succinoxidase system of Neurospora with 
chromium, calcium, aluminium, molybdenum, man- 
ganese or magnesium ions in a concentration of 
5 x 10-4. 

A cytochrome system has not yet been demon- 
strated to occur in Neurospora, but the effect of 
various hydrogen carriers on the oxidation of suc- 
cinate (Table 1) showed that cytochrome c was by 
far the most efficient of the hydrogen carriers tried. 

Inhibitors. The results of the inhibitor experiments 
are shown in Table 2. It was shown by the method of 
Lineweaver & Burke (1934) that the inhibition by 
malonic acid was competitive. 
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It was found that 0-002mM-hydrocyanic acid com- 
pletely inhibited the succinoxidase system. 

Isolation of the reaction product. The reaction pro- 
duct of succinate oxidation was expected to be 
fumarate. It was successfully isolated by a method 
based on those of Hahn & Haarmann (1927) and of 
Stotz (1937). 
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Fig. 3. Effect of substrate concentration. Warburg flasks 
contained: 2-5 ml. enzyme in 0-1m-phosphate buffer, 
pH 6-7; 0-4 ml. 4 x 10-*m-cytochrome c; 0-2 ml. sodium 
succinate solution of the appropriate molarity in the side 
bulb, and 0-1 ml. 20% (w/v) NaOH in the centre well. 
The Michaelis constant (K,,,) was calculated to be 0-0015M. 
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Fig. 4. Quantitative nature of the oxidation of succinic acid 
by the succinic dehydrogenase + carrier system of N. 
crassa. Warburg technique. The main flask contained 
2-5 ml. enzyme suspended in 0-1M-phosphate buffer 
(pH 6-9), 0-4 ml. of 4 x 10-*m-cytochrome c. The centre 
well contained 0-1 ml. 20 % (w/v) NaOH and the side bulb 
contained various amounts of 0-1M-sodium succinate 
solution. 


About 40 g. of wet mycelium were frozen, blended, 
washed twice with water and suspended in 30 ml. of 
0-1m-phosphate buffer (pH 6-9) in a 250 ml. Erlen- 
meyer flask, 30 ml. of 0-2m-succinic acid (neutra- 
lized to pH 6-9 with sodium hydroxide), together 
with 5-0 ml. of 4x 10-4m-cytochrome c were added 
and the whole incubated at 37° for 2 hr. The solid 
fraction was removed on a sintered-glass funnel. The 
filtrate was deproteinized by adding 10 ml. of 25% 
(w/v) trichloroacetic acid and heating to 100° for 
10 min. The precipitate was spun down and washed 
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with 10 ml. warm ether, the washings being added 
to the supernatant liquid. One drop of methyl red 
indicator was added and boiling saturated barium 
hydroxide, until a permanent yellow colour resulted. 


Table 1. The effect of hydrogen carriers on a washed 
succinic dehydrogenase preparation 


(Warburg flasks contained 2:5 ml. enzyme in 0-1 M-phos- 
phate buffer, pH 6-90; 0-2 ml. 0-075m-succinate; 0-1 ml. 
20% (w/v) NaOH in centre well; 0-4 ml. carrier. Run at 
37°. Equilibrated 10 min. before tipping substrate from 
side arm.) 


Percentage 
increase in 
Final Qo, over 
Carrier concen. control 

None — 0 
Brilliant cresyl blue 0-03 % 4 
Methylene blue 004% 10 
Cytochrome c 1-28 x 10-4 28 
Cytochrome c 1-34 x 10-*m 26 
Cytochrome c 2-57 x 10-*m 39 
Cytochrome c 4-14 x 10-*m 62 


Table 2. Effect of various inhibitors on the succinic 
dehydrogenase of Neurospora 


(Thunberg technique: 2-0 ml. enzyme in 0-1 mM-phosphate 
buffer, pH 6-9; 0-2 ml. 0-1 M-sodium succinate; 1-0 ml. 0-1% 
methylene blue, 0-5 ml. inhibitor. 25°. Tube evacuated, 
filled with N, and re-evacuated.) 


Molar concen. Inhibition 

Inhibitor of inhibitor (% 
HCN 0-002 0 
Todoacetic acid 0-01 22 
Sodium pyrophosphate 0-02 78 
Malonic acid 0-0025 100 
Malonic acid 0-00125 69 
Sodium fluoride 0-01 0 
Sodium fluoride 0-06 40 
Oxaloacetic acid 0-01 100 
Copper (Cu**) 1x10-* 100 
Sodium borate 0-01 100 
Oxidized glutathione 0-01 100 


Then 20 ml. of ethanol were added and the solution 
left for 30 min. The precipitate was centrifuged down 
and dissolved in 12ml. of 0-55N-nitriec acid. This was 
heated on a water bath to 85° and 10 ml. of a 
mixture of 10% mercurous nitrate in 0-55N-nitric 
acid was added. The solution was cooled, kept at 5° 
for 3 hr. and finally centrifuged. The precipitate was 
stirred with 5 ml. of 1-65N-nitric acid and heated to 
100° for 5 min. on a water bath. 10 ml. water and 
2-5 ml. mercurous nitrate-nitric acid reagent were 
added, the solution cooled, and stored overnight at 
5°. The precipitate was centrifuged off and washed in 
turn with 12 ml. of 1% mercurous nitrate in 5% 
nitric acid and two 10 ml. portions of 0-2N-nitric 
acid. The product was dried in a vacuum desiccator 
over sulphuric acid. The yield was 0-51 g.=74% 
theory mercurous fumarate. 
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The product, assumed to be mercurous fumarate, 
was suspended in 10 ml. warm water and a fast 
stream of hydrogen sulphide bubbled through it. The 
mercuric sulphide was centrifuged off, the super- 
natant liquid filtered to remove traces of mercuric 
sulphide, and evaporated to dryness. The residue 
was recrystallized from hot water. The yield was 
0-107 g.=57% theory fumaric acid. The melting 
point (closed tube) of the product was 285°, that of 
fumarie acid being 287°. A mixed melting point 
(closed tube) was 285°. 

The product (0-100 g.) was then refluxed for 
30 min. with 1-0 ml. of thionyl chloride. Then 1-5 ml. 
aniline and 25ml. benzene were added and the 
mixture refluxed gently for a further 15 min. The 
benzene was distilled off and the residue dissolved 
in 4-0 ml. ethanol and 2-0 ml. water with the aid of 
heat and left at 5° to crystallize. The crystals were 
filtered off and recrystallized from 5-0ml. hot 
ethanol, 4-0 ml. water were added to the hot solu- 
tion, which was left at 5° to crystallize. The yield of 
product was 0-212 g.=82-5% theory fumaryl bis- 
anilide. The melting point of the product was 310°, 
that of fumaryl bis-anilide being 314°. A mixed 
melting point was 309°. 

From the yield of fumaric acid obtained, it was 
concluded that the preparation did not contain 
appreciable fumarase activity. However, it has been 
shown by subsequent work to be published by the 
author, that the mould does contain an active 
fumarase, as well as malic dehydrogenase, aspartase 
and aconitase. 

Occurrence of the enzyme in the ‘succinicless’ 
mutants. Succinic dehydrogenase activity was found 
in the mutants, 55901, 39311, 47807, 66702 and 
35402, described by Lewis (1948), the activity of the 
enzyme from the mutants being comparable with 
that from the wild type. 





DISCUSSION 


The enzyme succinic dehydrogenase has now been 
shown to occur in Neurospora crassa (Beadle 25a) 
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and in five ‘succinicless’ mutants. The enzyme is 
similar in properties to the succinic dehydrogenase 
obtained from vertebrates, except in its double pH 
optimum and its greater liability to inactivation 
during preparation. It is also somewhat more sen- 
sitive to inhibition by various agents, but the in- 
hibitions are of the same magnitude as with the 
vertebrate enzyme (Table 2). 

Although cytochrome c has been shown to act as 
an efficient hydrogen carrier for the cell-free enzyme, 
there is as yet no evidence that the cytochrome 
system acts as the natural carrier system in the 
mould. 

The activity of the cell-free preparations is low, 
but it is comparable with that of brain and lung 
(Elliott & Greig, 1938). The intact mycelium has 
negligible succinoxidase activity ; this has also been 
shown in the case of Rhizopus nigricans by Foster & 
Davies (1949) and is attributed by them to the fact 
that succinic acid will not enter the cell as the dis- 
sociated molecule. 


SUMMARY 


1. Succinic dehydrogenase is present in the 
mycelium of Neurospora crassa (Beadle 25a) and in 
the ‘succinicless’ mutants 55901, 39311, 47807, 
66702 and 35402. 

2. The enzyme has been prepared in a cell-free 
state. 

3. The enzyme has pH optima at 6-9 and 8-1 and 
a Michaelis constant of 0-0015m. It is inhibited 
by malonic acid, oxaloacetic acid, copper ions, 
borate, oxidized glutathione and sodium pyro- 
phosphate. 

4. Cytochrome c acts as an efficient hydrogen 
carrier for the enzyme. 

5. The reaction product, fumaric acid, has been 
isolated and characterized. 


I wish to thank Dr D. G. Catcheside and Dr E. F. Gale for 
helpful criticism and advice, and the Medical Research 
Council for a grant. 
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Removal of Acid by Trioctylamine from Samples 
for Microbiological Assay 


By D. E. HUGHES anp D. H. WILLIAMSON 
Medical Research Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
The University, Sheffield 10 


(Received 16 September 1950) 


It was shown by Lester Smith & Page (1948) that 
certain cationic detergents, in particular the long- 
chain tertiary amines, may be used to transfer strong 
acids from an aqueous medium to organic solvents, 
e.g. chloroform. This procedure is based on the fact 
that the partition coefficient of the salts of the long- 
chain amines is greatly in favour of the organic 
phase. The most effective amine found was trioctyl- 
amine. By shaking aqueous hydrochloric acid with 
chloroform containing just over 1 equivalent of tri- 
octylamine, more than 99 % of the acid was trans- 
ferred to the chloroform phase. This method was 
applied by Lester Smith & Page to the removal of 
acid from protein hydrolysates, but has not been 
used before in the preparation of material for micro- 
biological assays. The present paper reports a suc- 
cessful removal of trichloroacetic and hydrochloric 
acids from tissue extracts in which histidine was to 
be estimated by microbiological assay. The problem 
of histidine assay arose from joint studies, published 
elsewhere, on the source of the histamine found in 
tissue extracts (Wvod, Hughes & Salvin, 1951). 


EXPERIMENTAL 


Microbiological assay of t-histidine. L-Histidine was 
assayed microbiologically with Leuconostoc mesenteroides 
P 60 according to Barton-Wright (1946), with a few modifi- 
cations described below. Three samples containing different 
amounts of the material to be assayed were added to the 
medium (10 ml. final volume). The quantities were chosen to 
cover approximately the concentrations between 0-5 and 
2-5 wg. histidine/ml. 

The organism was maintained on malt agar stabs as 
described by Barton-Wright (1946), except that the inoculum 
for the assay was grown on the histidine assay medium with 
added histidine (50 yg./ml.) in place of the riboflavin assay 
medium. After 18 hr. growth the inoculum was centrifuged 
aseptically, washed twice in 0-9% NaCl and diluted a 100- 
fold in saline; 0-1 ml. was added to each assay tube. 

In the earlier experiments the response of the test organism 
was measured by titration of the acid formed after 3 days’ 
incubation. Samples of 2-0 ml. from each of the assay tubes 
were titrated with 0-05n-NaOH using bromothymol blue 
as described by MclIlwain (1949). In most of the later 
experiments the response to histidine was- measured turbidi- 
metrically after 18-24hr. incubation. The larger cells 





(4 x 1 cm.) of a Spekker absorptiometer were used when at 
least 7 ml. were available and the micro cells (0-3 x 1 cm.) 
when less material was available. Fig. 1 and Table 1 show 
the response to histidine measured by the two methods. 
It is evident from this curve that both methods are satis- 
factory, but the turbidimetric method was used in pre- 
ference, as it was quicker. 
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Fig. 1. Response of Leuconostoc mesenteroides to L-histidine. 
Experimental details are as described in the text (p. 487). 
Assay of growth: @ @, acidimetric; O O, turbi- 
dimetric. 








Histidine decarboxylase. Clostridium welchii (National 
Collection of Type Cultures, No. 6785) served as a source of 
histidine decarboxylase. The organism was grown as 
described by Gale (1947) except that the tryptic casein digest 
was replaced by ‘Pronutrin’ (a commercial casein hydro- 
lysate marketed by Herts Pharmaceuticals Ltd.). The cells 
were collected by centrifuging, washed twice, and then 
resuspended in 0-9% NaCl. The final suspension contained 
20 mg. dry cells/ml. Otherwise the manometric deter- 
mination of histidine was carried out as described by Gale 
(1947). 

Chemicals. The tri-n-octylamine used in most of the work 
was a sample of 5 g. supplied by the courtesy of Dr E. Lester 
Smith, Glaxo Laboratories Ltd. This long-chain amine, as 
well as the others used by Lester Smith & Page (1948), 
became available commercially towards the latter part of 
the work from the British Hydrological Corporation, High 
Path, Abbey Road, London, S.W. 19. Samples of trioctyl- 
amine and methyl di-n-octylamine from this source were 
tested and found satisfactory. Carnosine nitrate was pre- 
pared from horse muscle and recrystallized four times from 
ethanol containing 40% water. 


RESULTS 


Removal of trichloroacetic acid from 
blood and tissue filtrates 


Freshly drawn venous blood (20 ml.) was pipetted 
into 30 ml. 10 % trichloroacetic acid and left for 1 hr. 
at 2°. The solution was then filtered through a 
Whatman no. 40 filter paper, and the precipitate 
was washed four times with 5 ml. 5 % (w/v) trichloro- 
acetic acid. The volume of the combined filtrate and 
washings was adjusted to 100 ml. with water. Two 
portions, each of 25 ml., were pipetted into separat- 
ing funnels and to one, histidine (75 yg.) was added. 
Each was then shaken with 50 ml. of a 5% (w/v) 
solution of trioctylamine in chloroform saturated 
with water. After shaking, the emulsion was allowed 
to settle and the chloroform layer was separated. 
The pH of the aqueous layer was now 5-8—6-0 (glass 
electrode) against <1 before extraction. Thus the 
trioctylamine had removed the bulk of the acid. The 
removal of trichloroacetate was established by 
titration with silver nitrate, after acid hydrolysis at 
100°. 

A solution of histidine (75 yg.) in 25 ml. of 5% 
trichloroacetic acid treated in the same way as the 
blood filtrate was also tested. The aqueous solutions 
were used directly for the microbiological assay of 
histidine. 

Recovery of histidine was unsatisfactory where 
more than 1 ml. of the aqueous solution was used, 
which indicated the presence of interfering material, 
probably trioctylamine. Repeated extraction with 
chloroform reduced but did not completely abolish 
the inhibitory effect, but one extraction with chloro- 
form followed by one extraction with ether removed 
the inhibitor completely in the case of blood 
(Table 1). In the case of other tissues two extractions 





Table 1. Recovery of histidine from biood and 
histidine solutions 


(For details of the method of assay see text, p. 487. Values 
in column A are histidine recoveries as measured by growth 
after 19-20 hr. incubation; values in column B, as measured 
by titration of the acid formed after 72 hr.) 


Histidine (yg. total) 
a—_—_OOF 
Volume Recovered 
Material added to analysed a 
the basal medium (ml.) Added A B 


Histidine standard aftertreat- (1 3-0 2-9 2-9 
ment with trioctylamine and | 2-5 7-5 7-0 6-5 
further extraction with 50 150 146 146 
CHCl, and ether ( 


Filtrate from blood after (1 — 2-1 2-1 
treatment with trioctylamine ; 2-0 — 4-0 38 
CHCl, and ether 4-0 — 8-4 8-0 


with ether were needed to remove the inhibitory 
effect. The method finally adopted was as follows: 
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the extract was treated with trioctylamine in chloro- 
form as described above, and then extracted with 
1 vol. of water-saturated ether. The funnels were 
rotated instead of shaken during the ether extraction 
in order to avoid emulsions. The bulk of the aqueous 
layer was transferred to a conical flask and aerated 
with moist air at about 30° until the smell of ether 
had almost disappeared (4-6 min.). 

Handling of animal tissues. After removal from 
the animal, the tissue was cooled quickly to about 
2° on ice, freed from water by blotting and weighed. 
The cooled tissue was cut quickly into small pieces 
with scissors and ground for about 30 sec. in a cold 
mortar with acid-washed sand. Cold 20% (w/v) 
trichloroacetic acid (2-5 ml./g. tissue) was then added 
and the tissue was ground again. The mixture was 
filtered through a Whatman no. 40 filter paper and 
the solid residue washed three times with 5% tri- 
chloroacetic acid ; the combined filtrate and washings 
were made to a suitable volume, usually 0-01 g. 
tissue/ml. 

Histidine in animal tissues 

The results of the analysis of various tissues are 
shown in Table 2. Differences between duplicates on 
the same sample did not exceed 2%. The figures for 


Table 2. Histidine content of blood, muscle 
and gastric mucosa 


(The extracts were made as described in the text. 
Trichloroacetic acid was removed by trioctylamine.) 


Histidine content 
(mg./100 g. wet wt.)* 


nC 
Before heating After heating 


Tissue 

Whole blood (cat) 2-2 2-0 
Whole blood (rabbit) 1-16 1-15 
Serum (rabbit) 1-40 — 
Whole blood (human) 1-55 1-30 
Serum (human) 1-60 —_ 
Striated muscle (cat) 5-4 131 
Striated muscle (cat) 5-2 129 
Striated muscle (toad) 20-0 62 
Gastric mucosa (cat) 2-0 1-7 
Gastric mucosa (rabbit) 2-3 2-2 
Gastric mucosa (toad) 5-5 _— 


* The results for blood and serum are expressed as mg. 
histidine/100 ml. 


blood agreed fairly closely with those given by 
chemical estimations (Schwartz, Riegert & Bricka 
1938). The figures for free histidine in extracts of 
muscle agree with those found recently in. extracts 
of rat muscle by Schurr, Thompson, Henderson & 
Elvehjem (1950); there are no data in the literature 
on the histidine content of extracts of gastric mucosa. 

Release of histidine by heating acidified trichloro- 
acetic extracts of tissues. Concentrated hydrochloric 
acid was added to the trichloroacetic extracts of 
tissue to bring the final concentration to 5% (w/v) 
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hydrochloric acid and the solutions were heated for 
1-5 hr. on the boiling-water bath as described by 
Code (1937). The histidine content of the solutions 
from cat muscle increased 20-fold and from toad 
muscle threefold: there was no increase in the 
extracts of blood, serum or gastric mucosa. A five- 
fold increase of histidine in extracts of rat muscle 
was found by Schurr et al. (1950), who ascribed the 
increase to the hydrolysis of carnosine. On this 
assumption the carnosine content of cat muscle 
calculated from the results in Table 2 would be 
about 200 mg./100 g. of tissue, which is in agreement 
with the values found by a chemical method (Hunter, 
1925). 

Carnosine solutions, if treated in the same way as 
the tissue extracts (1-5 hr. heating), showed 60-80 % 
hydrolysis (Table 3). For complete hydrolysis 3-5 hr. 


Table 3. Hydrolysis of carnosine by trichloroacetic 
acid and HCl 


(A carnosine solution (containing equivalent to 4-5 mg. 
histidine/ml.) in 5% trichloroacetic acid and 10% HCl was 
immersed in a boiling-water bath and samples taken at the 
times indicated. The acid was removed with trioctylamine 
as described in the text and the solutions assayed with 
histidine decarboxylase and by microbiological assay.) 


Histidine (mg./ml.) 


Time By Microbiological 
(min.) decarboxylase assay 
0 0 0 
30 1-40 1-37 
60 2-50 2-38 
90 3-55 3-42 
150 4-30 4-35 
180 4-40 4-45 


heating were required. The yield of histidine from 
the hydrolysis of carnosine was the same in the 
presence of 5% hydrochloric acid, or 5% hydro- 
chlorie acid plus 5% trichloroacetic acid, which is 
noteworthy because the formation of histamine from 
histidine is increased by the presence of trichloro- 
acetic acid (Ackerblom, 1941; Schmiterléw, 1949). 


Recovery of trioctylamine 


To recover the valuable trioctylamine, the chloro- 
form phase containing the trioctylamine and the 
bound acid was shaken with sufficient 2N-sodium 
hydroxide to keep the pH of the aqueous layer above 
12-0. The sodium hydroxide layer was separated 
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and the chloroform washed twice with water. In 
this way relatively large quantities of acid could be 
removed with little loss of trioctylamine. The 
washed chloroform solution of trioctylamine did not 
contain histidine and could be used without further 
purification, for further experiments. 


DISCUSSION 


The trioctylamine method of Lester Smith & Page 
(1948), with minor modifications, has proved a satis- 
factory procedure for the removal of trichloroacetic 
and hydrochloric acids from tissue extracts in which 
histidine was to be estimated by microbiological 
assay. However, different tissues varied in their 
capacity to retain inhibitory quantities of trioctyl- 
amine. These can be removed by additional ex- 
tractions with chloroform and ether, but special tests 
should be carried out with any new material to 
ascertain that trioctylamine has been effectively 
removed. 

The principle of the method of Lester Smith & 
Page has recently been used by O’Keefe, Dolliver & 
Stiller (1949) to concentrate streptomycin ; trioctyl- 
amine was replaced by a number of anionic deter- 
gents. Separation of some phosphoric esters has also 
been achieved by counter-current distribution with 
decylamine as a carrier in the organic phase (Plaut, 
Kuby & Lardy (1950). 


SUMMARY 


1. Histidine can be estimated by microbiological 
assay in aqueous extracts of tissues from which 
trichloroacetic acid has been removed by shaking 
with achloroform solution of trioctylamine according 
to Lester Smith & Page (1948), provided that the 
extraction is followed by further extractions with 
chloroform and ether. These are necessary to remove 
inhibitory effects due to the retention of traces of 
trioctylamine in the aqueous phase. 

2. Histidine values for the blood of cat, rabbit, 
and man and for gastric mucosa and striated muscle 
of rabbit, cat and toad are given. 

3. Histidine in striated muscle increased about 
20-fold on heating the solution with acid, presumably 
owing to the hydrolysis of carnosine. 


The authors wish to express their thanks to Prof. H. A. 
Krebs, F.R.S., for his help and criticism, and to Dr E. Lester 
Smith for gifts of trioctylamine. 
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Absorption and Excretion of Pheniodol Labelled 
with Radioactive Iodine 


By AUDREY A. FREE, J. E. PAGE anp E. A. WOOLLETT 
Research and Development Division, Glaxo Laboratories Ltd., Greenford, Middlesex 


(Received 9 September 1950) 


Pheniodol (« - phenyl - B - (4 - hydroxy - 3: 5 - diiodo- 
phenyl)-propionic acid) was introduced under the 
name ‘Biliselectan’ as a peroral cholecystographic 
agent by Dohrn & Diedrich (1940). After early 
clinical trials in Germany by Kleiber (1940), Grunke 
& Finger (1940), Lauer-Schmaltz (1940), Naumann 
(1941) and Rittweger (1941) and in Britain by Kemp 
(1943), and more extensive ones in America by 
Einsel & Einsel (1943), Marshall (1943), Wasch 
(1943), Dannenberg (1944), Bryan & Pedersen 
(1944), Hefke (1944), Ochsner (1944), Paul, Pohle & 
Benson (1944), Vaughan & Eichwald (1944), Unfug 
(1946) and Brewer (1947), it has been accepted 
(Harper, 1949) as the cholecystographic agent of 
choice. It is intended to include it in the Addendum 
(1951) to the British Pharmacopoeia, 1948. 

The general pharmacology of pheniodol in animals 
has been discussed by Junkmann (1941), Modell 
(1942) and Howard (1948). However, except in 
Junkmann’s paper, almost no information on the 
absorption and excretion of pheniodol by animals 
has been published. Junkmann’s paper appeared 
when World War II was well under way; it is very 
difficult of access in this country and it may therefore 
be summarized here, especially as it has been quoted 
successively by several authors who do not all appear 
to have seen it. Junkmann, who was primarily 
interested in comparing pheniodol with tetraiodo- 
phenolphthalein, measured the iodine content of 
bile from biliary fistulas in two rabbits and examined 
the urinary excretion rate for rats and two men. He 
showed that most of the iodine in the urine was 
present as pheniodol by acidifying the urine, ex- 
tracting into ether, evaporating the ether and re- 
crystallizing the residue from benzene. The product 
was identified as pheniodol by its melting point and 
by formation of an insoluble calcium salt. A few 
distribution results have been mentioned by Howard 
(1948) and Salter, Karandikar & Block (1949). 


The lack of metabolic data may be due to the 
difficulty of estimating organically bound iodine in 
biological fluids. The radioactive isotope labelling 
technique, however, is well suited to metabolic 
experiments, and we have used the method to study 
the absorption and excretion of pheniodol by rats 
and cats. Pheniodol labelled with radioactive iodine 
(311) was prepared by iodinating «-phenyl-f-4- 
hydroxyphenylpropionic acid with radioactive 


iodine. 
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Pheniodol labelled with 1**I. 


In our first set of experiments, single doses of 
labelled pheniodol were given orally, subcutaneously 
or intravenously to rats, and the excretion of radio- 
active iodine was studied over a 3-day period. 
Single doses of the labelled compound were then 
injected intravenously or intraduodenally into 
anaesthetized cats, and the iodine blood levels and 
urinary and biliary excretions were followed over a 
6 hr. period. By using a butanol-extraction pro- 
cedure the proportion of radioactive iodine present 
in organic combination as pheniodol could be 
measured. The general experimental procedures were 
similar to those used for labelled thyroxine (Clayton, 
Free, Page, Somers & Woollett, 1950). 


EXPERIMENTAL 
Preparation of labelled pheniodol 


A solution containing I (1 mc.) in the form of iodide was 
transferred to a centrifuge tube containing Nal (10 mg.) and 
the volume of the solution was made up to 1 ml. Ether 
(1 ml.) and 1-0 ml. of 0:3%-H,O, followed by 4 drops of 
N-HCl were then added. The contents of the tube were 
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mixed by means of a capillary pipette at intervals during 
2 hr. The ether layer was separated and the colourless 
aqueous layer washed with a second 1-0 ml. portion of ether. 
The combined ether extracts were added to a solution of 
0-7 g. of a-phenyl-3-4-hydroxyphenylpropionic acid in 60 ml. 
of 8% (w/v) aqueous ethylamine solution and the mixture 
was stirred for 15 min. The theoretical quantity (6-3 ml.) of 
1-9n-I, in excess NaI was added dropwise during 5 min. and 
the stirring continued for 1 hr. 60 ml. of CHCl, were added; 
on acidification with HCl, the product passed into the CHCl, 
layer. This layer was washed once with 10% (w/v) Na,S,0; 
to remove free iodine and twice with water and concen- 
trated to 15 ml.; 30 ml. of light petroleum (b.p. 100-120°) 
were added and the radioactive product (1-2 g.) crystallized: 
it melted at 157-160° (cf. 159-160°, Baker & Sansbury, 1943) 
and had a specific activity of about 250 yue./g. The purity of 
the product was confirmed polarographically. 


Polarography of pheniodol 


When examined under the conditions that we used for 
thyroxine (Borrows, Hems & Page, 1949), pheniodol gave a 
characteristic polarogram with a step having the half-wave 
potential, — 1-47 V. (measured against the saturated calomel 


Diffusion 
current 
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Potential (V.) 


Fig. 1. Polarogram for 1-9 x 10-*m-pheniodol in 20% (v/v) 
isopropanolic solution containing 1-0% (w/v) of tetra- 
methylammonium bromide and 2-65 % (w/v) of Na,CO,. 
The dropping mercury electrode at a pressure of 55-5 cm. 
of mercury and on open circuit in 0-1N-KCl at 25° had a 
drop time of 3-13 sec.; the weight of mercury dropping/sec. 
was 1-82 mg. 


-10 


electrode). Since «-phenyl-8-4-hydroxyphenylpropionic acid 
does not give a polarographic step, the technique provides a 
simple method for finding out whether iodination has gone 
to completion. A typical polarogram for pheniodol is shown 
in Fig. 1. The following polarographic procedure was used: 
about 10 mg. of the labelled product were dissolved in a 
mixture of 2-5 ml. of 2-0n-Na,CO,, 2-0 ml. of redistilled 
isopropanol and 1-0 ml. of 10 % (w/v) tetramethylammonium 
bromide and the mixture made up to 10 ml. with distilled 
water. A known portion was transferred to the cell of a 
photographic recording polarograph (Cambridge Instrument 
Co.) and, after bubbling with O,-free N, for 10 min., examined 
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over the potential range —0-8 to — 1-8 V. The height of the 
step at — 1-5 V. gave a measure of the amount of pheniodol 
in the solution. 

By using the polarographic technique for analysis, the 
partition coefficient of pheniodol between n-butanol and 
1-0Nn-Na,CO, was found to be 2 and between n-butanol and 
1-0n-HCl about 10. This observation suggested that a 
modification of the extraction procedure of Blau (1935) for 
thyroxine could be used to separate pheniodol from inorganic 
iodide, from which in this way it was demonstrated that our 
product was essentially free. 


Animal experiments 


Rat experiments. The excretion and breakdown of 
pheniodol by rats were first studied. Paired Wistar strain 
rats of the same age and weight (70-100 g.) were placed in 
metabolism cages in which the urine and faeces could be 
collected separately. The animals were maintained on a stock 
diet consisting of a paste prepared from wholemeal flour, 
dried milk and dried yeast, mixed with water. Groups of 
two rats were given single oral doses of a suspension con- 
taining 50mg. or single subcutaneous injections of an 
aqueous suspension containing 60 mg. or single intravenous 
injections of an aqueous solution containing 74mg. of 
labelled pheniodol/kg. of body weight. The suspensions 
contained 3-0% (w/v) of pheniodol with 1-:0% (w/v) of 
tragacanth as suspending agent and the solutions 1-2 % (w/v) 
of pheniodol in dilute Na,CO, solution (pH 9-0). 

The urine and faeces were collected every 24 hr. for a 
period of 3 days and examined for total and butanol-soluble 
radioactive iodine. At the end of each collection period the 
metabolism cages, funnels and separators were washed down 
with a ‘carrier’ solution consisting of 0-4N-NaOH containing 
0-004 % of pheniodol and 0-004 % of NaI. The final washings 
were carried out with distilled water. All the washings were 
added to the urine samples and the total volumes were 
recorded. At the end of the third day the rats were killed 
and the thyroid glands, livers, kidneys, intestines and 
carcasses examined for residual radioactive iodine. 

Cat experiments. Experiments were undertaken to deter- 
mine the proportion of 1*1I appearing in the bile of cats. The 
operational procedure was as follows. After anaesthetization 
with ether, followed by tracheotomy, the femoral vein was 
exposed and cannulated. A chloralose solution (0-08 g./kg. 
of body weight) was then introduced intravenously to 
maintain anaesthesia during the experiment. For collection 
of urine the abdomen was opened and the urethra cannu- 
lated, thus allowing the bladder to be completely emptied 
at each collection. The common bile duct was cannulated so 
that bile could be collected continuously, the gall-bladder 
being isolated by ligation of the cystic duct: 10 ml. samples 
of blood were obtained from the carotid artery at hourly 
intervals. 

The anaesthetized cats were given either single intra- 
venous injections of a solution containing 50 mg. or single 
intraduodenal injections of a suspension containing 80 mg. 
of labelled pheniodol/kg. body weight. Samples of blood, 
bile and urine were collected every hour for a period of 6 hr. 
and examined for total and butanol-soluble radioactive 
iodine. At the end of the experiments, the cats were killed 
and the thyroid glands, liver, stomach, kidneys and small 
and large intestines were removed and examined for radio- 
active iodine. 
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Preparation of samples for the Geiger-Miiller counter 


Urine, blood and bile. A preliminary experiment showed 
that some chemical breakdown takes place when pheniodol 
is refluxed with 2n-NaOH. Samples of urine, blood and bile 
to be examined for pheniodol were therefore treated with an 
equal volume of 2n-NaOH containing as ‘carrier’ 0-01 % of 
unlabelled pheniodol and 0-01 % of NaI, and the mixture was 
divided into two portions. The first portion was tested for 
total radioactivity by digesting on a steam bath for 4 hr., 
adjusting its pH value with 35% (v/v) HNO, to about 9-0 
and then transferring a 10 ml. portion to a jacketed Geiger- 
Miller counter (cf. Veall, 1948). The number of disin- 
tegrations/min. was measured on a Dynatron scaling unit. 
The background count was about 10/min. 

The second portion was tested for labelled pheniodol by 
a butanol extraction procedure. The sample was acidified to 
pH 3-5 with 2n-H,SO, and extracted in turn with an equal 
and with a half volume of n-butanol. Portions of 10 ml. of 
the combined butanol extracts and of the aqueous layers 
were transferred to a jacketed Geiger-Miiller counter for 
measurement of their radioactivity. 

Faeces. Samples of 5 g. of faeces were digested on a steam 
bath for 4hr. with 20ml. of 2n-NaOH containing as 
‘carrier’ 0-01 % of pheniodol and 0-01 % of Nal. The residual 
solid matter was centrifuged off and digested for 4 hr. with 
a 10 ml. portion of the NaOH ‘carrier’ mixture. A third 
extraction was performed and the pH of the combined 
alkaline extracts was adjusted to about 9-0 with 35% (v/v) 
HNO). The radioactivity of a 10 ml. portion was measured 
in a jacketed Geiger-Miiller counter. 

Stomach, intestines, kidney, liver and thyroid glands. 
Samples of stomach, intestine, kidney, liver and thyroid 
gland were digested by a modification of the procedure of 
Howarth (1949). The organ was minced and a 5 g. portion 
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(or if less than 5 g. in weight, the whole organ) was refluxed 
for 4 hr. with 10 ml. of 2n-LiOH in 20% (v/v) ethanol 
containing as ‘carrier’ 0-01% of pheniodol and 0-01 % of 
Nal. The residual solid matter was removed by centrifuging 
and the radioactivity of the supernatant liquid, after adjust- 
ment to pH 9-0, was measured in a jacketed counter. 


RESULTS 
Rat experiments 


The excretion of radioactive iodine by rats was 
studied during a 3-day period following a single oral, 
subcutaneous, or intravenous dose of either a 
solution, or a suspension of labelled pheniodol. The 
excretion and final distribution results listed in 
Tables 1 and 2 are mean values obtained from at 
least two experiments. 

Within 3 days of an oral dose, about 50% of the 
radioactive iodine administered was excreted in the 
faeces and 25% in the urine. About 90% of the 
iodine in the faeces and 78 % of that in the urine was 
present in organic combination as pheniodol. Sub- 
cutaneous and intravenous doses of pheniodol were 
also rapidly absorbed, about 40 % of a subcutaneous 
and 50% of an intravenous dose being excreted in 
the faeces and 20 % of asubcutaneous and 30 % ofan 
intravenous dose in the urine. The relative pro- 
portions of pheniodol-iodine were similar to those 
after oral dosage. The lower recoveries in the sub- 
cutaneous experiment were probably due to un- 
absorbed pheniodol remaining at the injection site. 


Table 1. Excretion of 11 by pairs of rats after a single dose of labelled pheniodol 


= 
Group A, oral dose of 
suspension containing 


131T as percentage of 1*4I in dose 
sl a 
Group B, subcutaneous Group C, intravenous 
injection of suspension injection of solution 


Time of 50 mg. of labelled containing 60 mg. of containing 74 mg. of 
collection pheniodol/kg. of labelled pheniodol/kg. labelled pheniodol/kg. 
Sample (hr.) body wt. of body wt. of body wt. 

Urine 0-24 15-5 11-8 24-4 
24-48 6-5 5-9 6-3 
48-72 2-9 18 2-5 
Faeces 0-24 24-3 16-6 23-8 
24-48 19-3 14-3 21-0 
48-72 5:3 7-0 7-7 


Table 2. Distribution of I in pairs of rats 3 days after a single dose of labelled pheniodol 


131] found in organ or fluid as percentage of }*4I in dose 


Group A, oral dose of 
suspension containing 


50 mg. of labelled 
pheniodol/kg. of 


Organ or fluid body wt. 
Thyroid gland 0-24 
Liver 0-45 
Kidney 0-10 
Intestine 6-3 
Urine (total) 24-9 
Faeces (total) 48-9 


Group C, intravenous 
injection of solution 
containing 74 mg. of 

labelled pheniodol/kg. 


Group B, subcutaneous 
injection of suspension 
containing 60 mg. of 
labelled pheniodol/kg. 


of body wt. of body wt. 
0-15 0-12 
0-38 0-30 
0-06 0-09 
2-1 2-8 
19-5 33-2 
37-9 52-5 
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Cat experiments 


Anaesthetized cats were injected with labelled 
pheniodol either intravenously or intraduodenally ; 
the blood levels of radioactive iodine and the biliary 
and urinary excretion rates were measured during a 
6 hr. period. The mean results for two experiments by 
each injection route are given in Table 3. The final 
distribution of the radioactive iodine is recorded in 
Table 4. The percentage of the dose present in the 
blood has been calculated on the assumption that the 
blood volume (in ml.) is equivalent to 6-5 % of the 
body weight in g. (ef. Dukes, 1947). 

The data listed in Table 3 indicate that a high 
biliary excretion rate is obtained after both in- 
travenous and intraduodenal administration, a 
maximum value being reached about 2 hr. after an 
intravenous and | hr. after an intraduodenal in- 
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secreted in the bile and 65% of that in the urine is 
present in organic combination as pheniodol. 

An additional intraduodenal experiment was 
undertaken on a pregnant cat. The excretion rate 
and distribution of radioactive iodine were similar 
to those for normal cats, except that less than 0-1% 
of the radioactive iodine administered was found in 
the two foetuses 6 hr. after injection, indicating that 
pheniodol does not pass the placental barrier. 


DISCUSSION 


Relatively little quantitative information on the 
distribution and excretion of pheniodol has been 
published. The original German work indicated that 
pheniodol is readily absorbed from the gastro-in- 
testinal tract through the portal circulation and is 
excreted in part through the liver, the iodine re- 
maining in organic combination as it passes through 


jection. At least 85% of the radioactive iodine the body. 
Table 3. Metabolism of }**I by cats after dosage with labelled pheniodol 
(— Means ‘not determined’.) 
Organically Organically 
Percentage Percentage bound 4] Percentage bound 444] 
Method of Time of of #31] in of #31] in as percentage of J in as percentage 
administration and collection dose in dose secreted _ of total 1 dose excreted of total 1511 
quantity administered (hr.) blood* in bile in bile in urine in urine 
Intraduodenal injection 0-5 71 -- — — — 
(80 mg. labelled 0-1 3-4 9-3 84 2-2 69 
pheniodol/kg.) 1-2 2-7 8-0 82 2-1 66 
2-3 3-3 9-5 83 2-0 — 
3-4 2-4 4-9 84 1-2 60 
4-5 2-4 2-5 82 0-8 68 
5-6 2-2 2-2 85 0-4 66 
Intravenous injection 0-25 24-9 — — — _ 
(50 mg. labelled 0-5 16-7 — _ a — 
pheniodol/kg.) 0-1 16-1 3-1 82 0-10 65 
1-2 13-7 5-1 84 9-7 67 
2-3 11-6 35 89 7-1 _— 
3-4 8-8 3-1 87 7-2 —_ 
4-5 7-1 3-4 —_ 5-0 — 
5-6 5:7 1-3 —- 4-1 _— 


* Calculated on the assumption that the blood volume (in ml.) was equivalent to 6-5 % of the animal body weight (in g.). 


Table 4. Distribution of I in organs of a cat 6 hr. after dosage with labelled thyroxine 


(— Means ‘not determined’.) 


131] found in organ or fluid as percentage of }*4I administered by 
A 


Organ or fluid 


Total urine (0-6 hr.) 

Total bile (0-6 hr.) 

Blood* 

Thyroid gland 

Liver 

Kidney 

Stomach 

Small intestine and contents 
Large intestine and contents 


: oe 
Intraduodenal injection 





7 
Intravenous injection 


of 80 mg. of labelled of 50 mg. of labelled 


pheniodol/kg. pheniodol/kg. 

8-7 33-2 

36-0 19-5 
2-4 5-7 
_- 0-013 
4-2 7-2 
0-34 0-77 
0-59 0-59 
7-0 3-3 
0-13 0-31 


* Calculated on the assumption that the blood volume (in ml.) was equivalent to 6-5 % of the animal body weight (in g.). 
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Junkmann (1941) reported that rabbits after an 
oral dose of 0-25 g. of pheniodol/kg. of body weight 
excreted 63% of the dose in the urine during the 
first 2 days. During the same period 58 % of a dose 
of 1-0 g./kg. was excreted. Men excreted 50 % of an 
oral dose in the urine during the first 24 hr. and 
61-83 % in the first 72 hr. In our rat experiments 
much smaller doses (60 mg./kg. of body weight) were 
used, and only 25 % of the dose was excreted in the 
urine and 50% in the faeces. We have confirmed 
Junkmann’s observation that the bulk of the iodine 
excreted in the urine appears in organic combination 
as pheniodol. The proportion of unchanged com- 
pound excreted in the urine is very much greater 
than we observed for thyroxine (Clayton et al. 1950) ; 
since the pheniodol dose in the rat experiments was 
sixty times larger than the thyroxine dose and in the 
cat experiments over one thousand times larger, the 
differences are not unexpected. The final distribution 
of radioactive iodine in rats (Table 2) is largely what 
was anticipated. The amount of iodine appearing in 
the thyroid gland is insignificant and probably arises 
from slight decomposition of circulating pheniodol. 

Although pheniodol has been used as a chole- 
eystographic agent for 10 years, no data for its 
biliary excretion rate have been published so far. 
Junkmann (1941) measured the iodine content of 
bile from biliary fistula in two rabbits, 5 and 24 hr. 
after single oral doses of 1-0 g. of pheniodol/kg. of 
body weight. Howard (1948) undertook similar 
experiments on six dogs and two cats, 1—7 days after 
single oral doses of 150-400 mg./kg. Both investi- 
gators used larger doses than we did and their results 
cannot be compared with ours. Salter et al. (1949) 
compared the distribution of pheniodol with that of 


3:5-diiodotyrosine after intraperitoneal injection 
into litter-mate rats. Their preliminary results for 
the distribution of pheniodol in liver, kidney, blood, 
muscle, spleen and thyroid were reported graphically, 
but unfortunately their results also are not suitable 
for comparison with our data. 


SUMMARY 


1. Single doses of pheniodol labelled with radio- 
active iodine have been administered orally, sub- 
cutaneously and intravenously to rats, and the 
excretion of radioactive iodine has been studied over 
a 3-day period. After oral dosage about 50% of the 
administered radioactive iodine was excreted in the 
faeces and 25% in the urine. After subcutaneous 
injection 40 % of the dose appeared in the faeces and 
20% in the urine. After intravenous injection 50% 
of the dose appeared in the faeces and 30% in the 
urine. 

2. Asingle dose of labelled pheniodol was injected 
intravenously and intraduodenally into anaesthe- 
tized cats, and the radioactive iodine blood levels 
and biliary and urinary excretion rates were 
measured over a 6 hr. period. After an intravenous 
injection 20% of the dose was excreted in bile and 
33 % in the urine; after an intraduodenal injection 
36 % appeared in the bile and 9 % in the urine. 


We are indebted to the Medical Research Council for 
supplying the radioactive iodine, which had been provided by 
the Atomic Energy Research Establishment. We wish to 
thank Mr G. F. H. Green for making the labelled pheniodol 
and Miss H. Thorpe and Mr M. Robson for technical assist- 
ance. 
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A Re-investigation of the Question of Activators of Carbonic Anhydrase 


By A. M. CLARK* anp D. D. PERRIN{ 
The Molteno Institute and the Department of Colloid Science, University of Cambridge 


(Received 8 September 1950) 


The claim that certain substances are activators of 
the enzyme carbonic anhydrase was first made by 
Leiner (1940), who found that human serum could 
increase the apparent activity of the enzyme as 
observed by Brinkman’s (1933) colorimetric method. 
This was followed by a second paper (Leiner & 
Leiner, 1940), in which it was asserted that there are 
Swo main groups of activators. The first, which 
includes cysteine, glutathione, histidine, histamine 
and certain purines, activates principally the 
hydration of carbon dioxide, while the second, which 
includes a thermolabile organic compound present 
in plasma, activates principally the dehydration of 
carbonic acid. 

Using the Philpot & Philpot (1936) colorimetric 
method, Maine & Locke (1941) found that a large 
number of organic substances have slight or marked 
powers of activating carbonic anhydrase. Histamine 
was found to activate maximally in a concentration 
as low as 0-24 mm. In some cases, e.g. catechol and 
histamine, activation effects were observed to be 
additive. Maine & Locke believe that compounds 
which contain >NH groups and which form carba- 
mates can activate the enzyme. 

The subject was then taken up by Kiese (1941), 
who not only pointed out that Leiner’s views were 
thermodynamically unsound, but was unable to de- 
tect by careful manometric methods any activation 
in most of the instances brought forward by Leiner. 
In a later paper (Kiese, 1942), however, he states 
that glutathione can activate carbonic anhydrase, 
but insists that its effect is the same for both 
hydration and dehydration reactions. Bakker (1942) 
found that when using both colorimetric and mano- 
metric methods, most of the substances claimed by 
Leiner to be activators had no effect, although 
boiled tissue extracts, cysteine and glutathione 
appeared to increase the activity of the enzyme to 
some extent. He was unable to find any evidence in 
support of Leiner’s ideas on unidirectional acti- 
vation. 

In spite of this adverse criticism, Leiner has 
published several more papers (1942, 1943, 1944) in 
which he enlarges upon his earlier views and presents 


* Present address: The Department of Zoology, Mel- 
bourne University, Australia. 

+ Present address: Ruakura Animal Washousls Station, 
Hamilton, New Zealand. 


further evidence in support of them. Some of his 
observations made by Brinkman’s method have been 
confirmed by Van Goor (1943a). Unfortunately, 
much of this work has been carried out under very 
imperfectly controlled conditions. Thus, in some of 
his manometric experiments on the rate of de- 
hydration of carbonic acid, Leiner uses mixtures of 
phosphate buffer and bicarbonate solutions, but 
gives the boats (alternatively his modified Warburg 
flasks) a preliminary evacuation at the water pump. 
He apparently has failed to take into consideration 
the effect of reducing the pressure on the composition 
of bicarbonate solutions. As a further example of 
inadequate control, it may be noted that in a recent 
review, Van Goor (1948) states that when using the 
Brinkman method, the 0-02mM-sodium bicarbonate 
solution should be given a preliminary boil, but he 
makes no mention of any checks to ascertain the 
extent of the conversion of bicarbonate to carbonate. 
Although the proportions of HCO; to CO;” may 
be the same in any given set of experiments, it is 
desirable that quantitative work on enzyme kinetics 
should be carried out with solutions of known com- 
position. In this particular case, variation in the 
ratio between the concentrations of the two ions 
concerned will mean that the initial pH of the 
system will not be the same in every case. Bakker 
(1941) has also suggested boiling the sodium bicar- 
bonate solution with the object of adjusting the time 
taken for the non-enzymically catalysed reaction to 
occur. 

It may also be pointed out that in some instances, 
investigators have compared activities obtained 
manometrically at 15° with those obtained colori- 
metrically at 0°. Since the temperature coefficients 
for the enzymic and non-enzymic reactions are 
different (Roughton, 1948), such uncritical methods 
can introduce very large errors. 

Roughton (1943) and Roughton & Booth (19465) 
have drawn attention to the possibility that many 
of the so-called activations may be nothing more 
than the reversible restoration of activity lost by 
adsorption at interfaces or by the action of traces of 
inhibiting substances present. This possibility can 
be eliminated only by controlling the experimental 
conditions with the greatest care and by using the 
highest possible enzyme concentrations. Other 
objections to the methods used by previous workers 
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in this field will be considered when discussing our 
own results, but enough has been said to indicate a 
very real need for the complete re-investigation of 
the subject. The experiments to be described below 
represent a start in this direction. 





EXPERIMENTAL 


Methods and materials 


Dehydration of carbonic acid. This was studied by the rapid 
manometric method (Meldrum & Roughton, 1933) at 0°. The 
solutions used were 2-0 ml. of 0-186M-NaHCO, in 0-038M- 
NaOH (Hodgson, 1936) and 1-0 ml. of 0-4m-phosphate 
buffer, pH 6-8, the final volume being made up to 4-0 ml. by 
the addition of the enzyme solution together with any 
substance to be tested for activating properties. All solutions 
were prepared with glass-distilled water. Under certain 
conditions when the manometric method is being used, it is 
necessary to apply corrections for the limiting effect of 
diffusion, and a procedure for doing this has been worked 
out by Roughton & Booth (1946a), but this question did 
not arise during the course of the present investigation, in 
which the concentration of the enzyme solutions was kept 
within the range where there was strict proportionality 
between the amount of carbonic anhydrase added to the 
boats and the observed catalytic effect. 

In the absence of any protecting agents, dilute solutions of 
purified carbonic anhydrase rapidly lose their activity on 
standing. This loss is greatly accelerated if the solutions are 
shaken violently, a point of considerable practical im- 
portance for, in the rapid manometric method, the boats are 
shaken at rates ranging from 350 cyc./min. (Meldrum & 
Roughton, 1933; Clark, 1949) up to 600 cyc./min. (Kiese, 
1942). For this reason Leiner has advocated the use of 
Warburg manometers on the grounds that the lower shaking 
rate is less likely to bring about the rapid inactivation of the 
enzyme. However, if this low rate of shaking is used, the 
range of enzyme concentrations that can be covered without 
diffusion constituting a troublesome factor becomes very 
much reduced. On the other hand, the observations of Scott 
& Mendive (1941) and Scott & Fisher (1942) on the stabilizing 
action of peptone on carbonic anhydrase have shown that it 
is possible to obtain satisfactory results with a rapid mano- 
metric method even when using highly purified enzyme 
preparations. It is suggested, therefore, that the boat method 
is quite satisfactory and should be retained provisionally as 
the standard procedure. 

A method of using the unimolecular velocity constant for 
the determination of carbonic anhydrase activity has been 
described by Mitchell, Pozzani & Fessenden (1945). An 
extension of the method, which enables stabilizations to be 
distinguished from activations, has been suggested by Clark 
(1949). Values of the velocity constant are determined at 
20 sec. intervals over a total period of 3 min. Extrapolation 
back to zero time gives the true, initial value of the constant. 
If the addition of a particular substance to the enzyme 
solution brings about an increase in the value of the constant, 
then it would be regarded as a true activator, provided that 
it had no appreciable effect on the velocity constant for the 
non-enzymically catalysed reaction. The sensitivities of 
different preparations to inactivation are compared by 
calculating the per cent decrement, D, in the value of the 
unimolecular velocity constant during the first 100 sec. of 
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the reaction. The ability of an agent to protect or stabilize 
the enzyme is arbitrarily defined as 100 (1 —d/d’), where d 
and d’ are the values of D in the presence and absence of the 
stabilizing agent respectively. The degree of stabilization is 
denoted by the letter S. 

The hydration of carbon dioxide. The manometric method of 
Roughton & Booth (1946) was used in some of the preliminary 
experiments. The method, however, suffers from the dis- 
advantage that, owing to the relatively large velocity con- 
stant of the non-enzymically catalysed reaction, it is difficult 
to cover a very wide range of enzyme concentrations. 
Consequently, even when corrections are made for the 
limiting effects of diffusion, the method is restricted to 
reaction velocities not more than ten times the uncatalysed 
rate. The same objection of course also applies to manometric 
output methods. The difficulty has been overcome in two 
ways: (a) by the use of a new colorimetric technique which 
is free from most of the objections that may be levelled 
against the older Brinkman or Philpot methods, and (6) by 
a further development of Faurholt’s (1924) carbamino 
method, in which the use of rapid-flow methods has enabled 
higher reaction velocities to be determined than were 
possible in the original method. 

(a) A new colorimetric method. With this method it has 
been possible to measure velocity constants of up to 700 
times the uncatalysed value (Perrin & Clark, 1949). The 
method, which may be regarded as a development of one 
suggested by Roughton & Booth (19465), involves the rapid 
mixing at room temperatures of a saturated solution of CO, 
in water with a veronal buffer solution having a pH of 
approximately 8-6 and a pK of about 8. In the presence of 
a suitable indicator (phenol red), the pH of the solution is 
recorded continuously as a function of the time. This was 
achieved most easily by the stopped-flow technique, using 
the rapid-reaction apparatus of Chance (1940), together with 
a pen recorder to note the changes in the photocell current. 
The apparatus was calibrated with standard pH buffers so 
that for any run, a pH-time curve was readily constructed. 
The concentration of carbon dioxide at any time, t, is given 
by the equation 

, _, LB’) + HB] 
[00,],=[00,}, [B+ pK” 
where [B’] is the buffer ion concentration, [HB] the buffer 
acid concentration and K the dissociation constant of the 
buffer. The derivation of this equation is given in the 
Appendix. The unimolecular velocity constant for the 
hydration of CO, is obtained by plotting In [CO,] as a 
function of time. 

(b) Faurholt’s carbamino method. Solutions of CO, and 
a suitable buffer are mixed rapidly and, after a certain time 
has elapsed, dimethylamine is added to the system. The 
amine forms a carbamino compound with any free CO, 
present, while that fraction of the gas which has been 
hydrated to form carbonic acid can be precipitated as 
carbonate by the addition of alkaline BaCl,. Ini the present 
investigation, the solutions were mixed in a rapid-flow 
apparatus similar to that used by Millikan (1936). The CO,- 
buffer mixture, after travelling along the flow tube, was 
expelled into a centrifuge tube containing dimethylamine, 
together with 10-*m-sulphanilamide if the enzyme con- 
centration is very high. Alkaline BaCl, solution was then 
added immediately from a third syringe. After centrifug- 
ing, the CO, present as a carbamino compound in the super- 
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natant fluid was estimated with the Van Slyke apparatus. 
A preliminary set of control experiments showed that neither 
carbonicanhydrase (up toa concentration of 25 mg./100 ml.) 
nor 2% boiled horse plasma interfered with the complete 
precipitation of the barium carbonate. 

As the experiments with the carbamino method were 
essentially of an exploratory nature, boiled plasma was the 
only substance tested systematically for activating powers 
by this method. However, the technique is being developed 
further, for it has an advantage over the colorimetric methods 
in that the change in pH during the estimation is less, while 
there is no indicator present which could interfere by in- 
hibiting the enzyme. On the other hand, the procedure is 
somewhat tedious since each run can establish only a single 
point on the graph of In [CO,]/time. In most cases, three 
estimations together with the initial value for the concen- 
tration of CO, are sufficient for the velocity constant to be 
determined. 

Enzyme solutions. Carbonic anhydrase solutions at three 
stages in purification were used: (a) a solution of lysed red 
cells, (b) the crude CHCl, preparation of Meldrum & Roughton 
(1933), and (c) highly purified preparations obtained by 
dialysis and precipitation of the crude CHCl, solutions with 
(NH,),SO,, followed by fractional adsorption with Alumina 
c (Keilin & Mann, 1940). For comparisons of the relative 
activities of different preparations, the unit adopted was 
that amount of enzyme which doubles the initial rate, in 
pl./sec., of liberation of CO, from the phosphate buffer- 
bicarbonate mixture when the latter was shaken in the boats 
at 350 cyc./min. at 0°. Except when using lysed red cell 
solutions, 0-05 % peptone was added as stabilizer. 


RESULTS 

Peptone as a protecting agent. It has already been 
mentioned that small amounts of peptone are able 
to retard the gradual loss of activity that purified 
preparations of carbonic anhydrase undergo on 
dilution. Peptone is also able to restore some of the 
activity of purified enzyme solutions which have 
been diluted with distilled water in the absence of 
any protecting agent. The restoration of activity 
may be as high as 90%. That peptone acts merely 
as a stabilizer and not as a true activator was shown 
manometrically by Clark (1949). The same point can 
be demonstrated very clearly with the new colori- 
metric technique. In Fig. 1 is shown the effect of 
adding peptone on the relation between the con- 
centration of carbonic anhydrase and the observed 
value of the unimolecular velocity constant. The 
fact that, beyond a certain enzyme concentration, 
both curves are virtually parallel shows conclusively 
that the peptone is not an activator, but merely 
protects the enzyme from adsorption or from the 
effects of some inhibiting substance which manifests 
itself when the enzyme concentration is low. 

The type of curve (Fig. 1, curve A), in which there 
is no direct proportionality between the observed 
activity and the enzyme concentration until the 
latter has passed a certain critical value, has also 
been observed by Roughton & Booth (19466) in 
their manometric work on purified carbonic an- 
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hydrase. The explanation which they offered for 
this kind of effect is that some definite amount of 
metal or other enzyme poison is present, in spite of 
the precautions taken to ensure cleanliness of all 
glassware, and that an equivalent amount of the 
enzyme is inactivated by combination with such 
impurity. As was the experience of Scott and his 
colleagues, we found it quite essential to use a small 
amount of peptone in all manometric work with 
purified carbonic anhydrase. With the two new 
methods, on the other hand, sufficiently high 
enzyme concentrations can be used to reduce the 
errors due to inactivation of the enzyme. Neverthe- 
less, as it is established that peptone itself does not 
activate, it was included at a final concentration of 
0-05 % as routine procedure in all experiments in 
which other substances were being tested for acti- 
vating properties. There are no obvious grounds for 
believing that the peptone might prevent the effect 
of some true activator from manifesting itself. 





0 10 20 
Enzyme concentration x 10 °/ml. 


Fig. 1. Effect of 0-05% peptone on the activity of highly 
purified carbonic anhydrase, as measured by the new 
colorimetric method. Final solution was 0-02M in 
veronate, pH 8-6, 0-017M in CO, and 0-001 % phenol red. 
Temperature 18°. Ordinate: first order velocity constant. 


Abscissa: concentration of enzyme preparation/ml. 
A, without peptone; B, with peptone. 


The activators. So many substances have been 
claimed by Maine & Locke and by Leiner to be 
activators that little point would be served by con- 
sidering them all in detail. Attention, therefore will 
be confined to those which have been asserted to be 
particularly effective. 

Leiner & Leiner (1940) and Van Goor (1943a), 
working with the Brinkman colorimetric method, 
found boiled plasma of different mammalian species 
to be a powerful activator. According to Van Goor, 
the degree of activation of lysed red cell solutions 
may be as high as 600-800%. One would expect 
such a high degree of activation to be observable 
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0 50 100 150 200 
Time (sec.) 


Fig. 2. Effect of 10% boiled horse plasma on the activity of 
purified carbonic anhydrase in the presence of 0-05% 
peptone. Manometric CO, output at 0°. Plot of log (a — 2) 


2-3 a 
against time from the equation k& —- log ——. Curve A, 
a-2x 


boiled horse plasma; curve B, boiled horse plasma and 


carbonic anhydrase; curve C, carbonic anhydrase. 





0 08 16 24 
Time (sec.) 

Fig. 3. Effect of boiled horse plasma on the activity of 
carbonic anhydrase, using the new colorimetric technique. 
Curve A, enzyme+boiled plasma+0-05% peptone; 
curve B, enzyme +0-05% peptone. 


measurements made manometrically, by the new 
colorimetric method and by the carbamino method 
showed conclusively that boiled plasma, instead of 
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just as readily with one of the alternative methods 
for estimating the enzyme activity. On the contrary, 
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being a powerful activator is, in fact, a mild in- 
hibitor (Figs. 2 and 3). With the manometric method, 
if peptone is omitted, there is a tendency for the 





0 40 80 120 160 200 
Time (sec.) 


Fig. 4. Effect of 0-1mm-glutathione. Manometric CO, out- 
put at 0°. Curve A, glutathione only; curve B, enzyme 
only; curve C, enzyme + glutathione; curve D, enzyme + 
0-05 % peptone, with or without glutathione. 





36 
0 1-0 20 30 


Time (sec.) 
Fig. 5. Effect of glutathione, using the new ‘colorimetric 


method. O O, enzyme +0-05% peptone; @—®, 
enzyme +0-05 % peptone + 0-1 mm-glutathione. 





mild inhibition to be obscured by the weak stabi- 
lizing action of boiled plasma. This is especially the 
case with the more highly purified enzyme pre- | 
parations. é 
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Glutathione is the only substance that Kiese 
found to possess activating properties, but we have 
been unable to confirm this either manometrically 
or colorimetrically (Figs. 4 and 5). In the mano- 
metric experiments there were evidences for small 
stabilizing and protecting effects, but the estima- 
tions made in the presence of peptone definitely 
excluded all question of glutathione being a powerful 
activator of carbonic anhydrase. For reasons given 
below, we feel that all claims concerning activators 
which are based on either the Philpot or Brinkman 
techniques should be rejected. This would include 
the observations on glutathione made by Leiner and 
by Maine & Locke (1941). Kiese’s work, however, 
was based on the manometric method. Moreover, 
he was well aware of the common sources of error, 
namely the limiting effects of diffusion and the 
tendency for the enzyme to lose its activity owing to 
the violent shaking. On the other hand, he did not 
make use of any stabilizer or protecting agent. Con- 
sequently, it does seem possible that the apparent 
activations he observed on adding glutathione were 
in fact due to the restoration of activity lost by 
adsorption or by the action of inhibitors. Support 
for this explanation is provided by the observation 
that the apparent activity of purified carbonic 
anhydrase diluted with distilled water can be in- 
creased nearly 30 % by the addition of glutathione, 
but the increased activity is always less than that 
observed when peptone is used in place of gluta- 
thione. 


Table 1. Stabilizing properties of certain substances on 
purified solutions of carbonic anhydrase when tested 
manometrically 


(D is the amount of inactivation of the enzyme within 
100 sec. from the commencement of shaking and when no 
stabilizer is present. S is the degree of stabilization brought 
about by the substance in question. The method of calcu- 
lating D and S is described in the text, p. 496.) 


Enzyme 
preparation 
(units/mg. D S 
dry wt.) Substance (%) =) 
1750 — 35 _— 
Catechol (0-5 mm) 34 3 
Quinol (0-5 mm) 34 3 
Glycine (5-0 mm) 30 14 
Cysteine (0-01 m) 27 23 
Histamine (4-0 mm) 18 49 
Adrenaline (1 : 5000) 15 57 
Horse serum (1 : 40) 0 100 
Peptone (0-05 %) 0 100 
4800 ~~: 48 ~- 
Histamine (4-0 mm) 35 27 
Peptone (0-05 %) 0 100 


Several other substances mentioned by Leiner and 
by Maine & Locke, such as cysteine, histamine, 
adrenaline, catechol, quinol and glycine, were 
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examined manometrically and, in the case of the 
first three, by the new colorimetric method, but 
none was found to possess activating powers 
(Table 1). Cysteine appeared to be a mild inhibitor, 
which is in agreement with the observations of 
Kiese & Hastings (1940). In certain cases when the 
manometric method was tried in the absence of 
peptone, catechol and quinol were found to bring 
about small increases in the apparent activity 
of the enzyme, although they had little or no 
stabilizing action. Since the effect varied consider- 
ably with different enzyme preparations, while the 
increased activity was always well below the level 
produced by the addition of peptone alone, it is 
possible that. these two substances act by way of 
antagonism of traces of some enzyme poison present. 


DISCUSSION 


In many instances, evaluation of the work on 
activators of carbonic anhydrase has in the past been 
rendered difficult by the failure of different workers 
to agree on both qualitative and quantitative issues. 
Thus, whereas Leiner, Schmidt & Klawonn (1944) 
find the plasma activators to manifest themselves in 
very high dilutions, suggesting that they have some 
important role in physiological regulations, Van 
Goor (1943a) states that their effect is clear only if 
the plasma is undiluted and the enzyme concen- 
tration low. The latter investigator concludes, there- 
fore, that the activators are of little or no physio- 
logical importance. Even within the work of one 
investigator, there are some discrepancies. While 
examining the properties of plasma activators, Van 
Goor (1943a) found that unboiled sheep plasma 
inhibits the carbonic anhydrase activity of lysed red 
cells by as much as 90%. On the other hand, in a 
second paper which deals with thermolabile and 
thermostable fractions of the enzyme, he finds (Van 
Goor, 19436) that unboiled sheep plasma activates 
the purified enzyme solutions. The explanation 
offered by Van Goor for this last effect, namely that 
the plasma provides some factor which has been split 
off from the enzyme during the purification of the 
latter, is not entirely convincing. An alternative 
explanation which may be suggested is that the 
sheep plasma contains an inhibitor of carbonic 
anhydrase (see also Booth, 1938) which can also 
protect and stabilize the enzyme when the latter is 
highly purified. 

A significant observation made by Leiner e¢ al. 
(1944) is that the effect of the activators depends on 
the order in which the enzyme and activator solu- 
tions are mixed. If they are mixed together before 
dilution, the observed ‘activation’ is greater than 
if the enzyme is diluted separately and then mixed 
with the activator. Protection of the enzyme 
against adsorption at interfaces seems to be the 
simplest explanation for this effect. 
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From what has already been said, it is apparent 
that it is most important to make a clear distinction 
between true activation of the enzyme and mere 
stabilization or protection. Although Leiner (1943) 
appears to be aware of stabilizing effects, he main- 
tains that they cannot account for the activations 
observed by him with Brinkman’s method. His 
argument is that in a colorimetric method there can 
be no inactivation of the enzyme through shaking, 
while the duration of the experiment is so short that 
there can hardly be any denaturation by dilution. 
He gives no consideration to the possibility of 
reversible adsorption at interfaces of a fraction of 
the enzyme and he was unaware of the inhibitory 
effect of the carbonate buffer system (see below). 
In view of Roughton’s suggestion that reversible 
restoration of activity may be the underlying ex- 
planation for many apparent activations, it is signifi- 
cant that almost all investigators agree that the 
effects of activators are greater with purified enzyme 
solutions than with lysed red cell preparations. It 
may be suggested that in the latter instance there 
is always sufficient protein present, in the form of 
haemoglobin, to protect adequately the enzyme 
from adsorption or surface denaturation. In this 
connexion it would seem that Leiner’s estimation 
that one carbonic anhydrase molecule requires many 
thousands of ‘activator’ molecules for full activity 
would fit into a picture of physical protection of the 
enzyme rather than with true activation. It is 
almost certain that the activations which Bakker 
(1942) observed with his simplified manometric 
technique were also in the class of stabilization and 
protection of the enzyme. 

There is no need to give detailed consideration to 
Leiner’s original idea that certain activators affect 
the enzyme more when it is catalysing the hydration 
of carbon dioxide than when it is catalysing the 
dehydration of carbonic acid, as this was the subject 
of vigorous debate between Leiner and Kiese 
during the war years. Acceptance of Leiner’s 
view would, as Kiese frequently pointed out, 
imply that the enzyme is able to displace the equi- 
librium constant for the reaction H,O + CO, =H,CO,, 
and this is contrary to our knowledge of thermo- 
dynamics and enzyme kinetics. Perhaps, how- 
ever, it is not without some interest to note 
that Leiner & Leiner (1940) believe unidirectional 
activation of carbonic anhydrase to have its 
counterpart in the behaviour of other enzymes. 
As an example, they cite the activation of trypsin 
by enterokinase. 

The most surprising of all of Leiner’s claims is not 
that we must accept the existence of two classes of 
activators, but his assertion (Leiner, 1944; Leiner et 
al. 1944) that the important factor involved in 
activation is the partial or complete removal of zinc 
from the enzyme molecule. Keilin & Mann (1940) 
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found a very close correlation between the zinc 
content of a purified enzyme preparation and the 
carbonic anhydrase activity. Leiner, on the other 
hand, does not find this to be the case. He states 
(Leiner, 1944) that preparations containing from 
0-14 to 0-18 % zine may be more active than those 
containing 0-3—0-5% of the metal, but this obser- 
vation is not very significant, for Keilin & Mann 
showed that irreversible inactivation of carbonic 
anhydrase does not result in the liberation of the 
zine. Consequently, the presence of zinc in amounts 
over and above that to be expected from the observed 
activity of the preparation probably means simply 
that, during the various stages in purification, a 
certain amount of the enzyme has become denatured 
or otherwise irreversibly inactivated. Leiner, how- 
ever, maintains that there is no direct relationship 
between the zinc content and the enzyme activity of 
purified solutions. In the paper written in colla- 
boration with Schmidt & Klawonn, he states that it 
is possible to remove up to four-fifths of the zine 
from carbonic anhydrase by treating the enzyme 
with twenty times its weight of cysteine, followed by 
dialysis. The enzyme is then said to be more active 
than before the treatment. In support of the claim 
that removal of zinc is the main process underlying 
activation, Leiner et al. (1944) assert that the 
activating effects of cysteine, histidine and serum 
can be abolished by the addition of 2-5 x 10-m-zine 
sulphate. Unfortunately, complete details of these 
experiments have not yet been published, so further 
discussion of them is not possible. It may be 
mentioned, however, that an attempt to confirm 
Leiner’s observations on the effect of treating 
purified carbonic anhydrase with cysteine was un- 
successful. 

There can be little doubt that the unsatisfactory 
state of knowledge about the ‘activators’ is due 
almost entirely to the uncritical use of inadequate 
methods. Roughton (1943) has pointed out several 
objections to the use of the Philpot method for 
studying this subject, the most important being the 
fact that in the initial stages of the reaction, the 
buffer system inhibits the enzyme by as much as 
90%. It is obviously most important to ensure that 
such a high degree of inhibition remains the same in 
all cases (Roughton & Booth, 19466). An additional 
source of error which we have observed in the Philpot 
technique is the considerable protein error of bromo- 
thymol blue in the presence of many biological 
fluids. Fig. 6 shows the effect of boiled horse plasma 
on the light absorption of the indicator solutions, the 
pH of which had been checked with a glass electrode. 
Phenol red, on the other hand, is not so susceptible 
to such a large error and has the further advantage 
that it is only a very weak inhibitor of carbonic 
anhydrase (Kiese & Hastings, 1940; Wilbur & 
Anderson, 1948). 
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Objections to the Brinkman method, although less 
serious, are still sufficient to render the method un- 
reliable for the study of activators. Inhibition by the 
carbonate-bicarbonate buffer system is still large, 
but the most serious objection is the extremely low 
poise of the buffer system. The reaction time which 
is observed is determined by the time taken to 
convert the small amount of carbonate present to 
bicarbonate. Just how small this quantity is can be 
judged from the fact that in the original method 
(Brinkman, 1933), no carbonate is added at all, 
other than that present as impurity in the 0-02m- 
bicarbonate solution. In Van Goor’s modification, 
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pH 
Fig. 6. The effect of 2% boiled horse plasma on the optical 
density at 620 my. of bromothymol blue solutions over 
the pH range from 6-0 to 8-0. Curve A, indicator alone 
(0-001 %); curve B, indicator + 2% boiled plasma. 


the carbonate concentration may have been in- 
creased by the preliminary boiling of the solution. 
Kreps & Tchenykaeva (1942) make the final solution 
0-0002m in carbonate ion. The sensitivity of the 
system to traces of hydrogen or hydroxy] ions does 
not seem to be fully appreciated, the following 
example serving to illustrate this error. Using the 
Brinkman method to study the hydration of carbon 
dioxide and a manometric method to study the 
dehydration of carbonic acid, Kreps & Tchenykaeva 
found that insect blood contains a substance which 
inhibits the former reaction but not the latter. In 
view of the thermodynamical implications of this, 
the work was repeated by Levenbook & Clark (1950), 
who found that as far as the Brinkman method was 
concerned, acceleration or inhibition of the reaction 
CO,+H,O +H,CO, could be demonstrated at will, 
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depending upon the pH chosen for the final com- 
parison. Carefully controlled manometric experi- 
ments, on the other hand, showed that insect blood 
has no effect at all on either the hydration or de- 
hydration reactions. 

When examining the effects of various tissue 
extracts on carbonic anhydrase, inhibition by 
chloride may be a potential source of error. Roughton 
& Booth (19466) found that 0-024m-sodium chloride 
can inhibit by as much as 30 %, probably due to the 
formation of a complex with the enzyme. The in- 
hibition appears to increase as the pH changes from 
8-5 to 7-5, suggesting that the effect of chloride is 
most likely to introduce errors when one of the 
‘changing pH’ methods is being used. 
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Fig. 7. Effect of bromothymol blue (2 mg./100 ml.) on 
highly purified carbonic anhydrase and in the absence of 
peptone. Manometric CO, output at 0°. Curve A, bromo- 
thymol blue alone; curve B, bromothymol blue + enzyme; 
curve C, enzyme alone. 


Of the older methods available for the estimation 
of carbonic anhydrase activity, there can be no 
doubt that the rapid manometric method is still the 
most reliable, but even here errors may be intro- 
duced if a mild inhibitor also has stabilizing pro- 
perties. This applies especially if work is being done 
with the purer enzyme preparations. The case of 
bromothymol blue may be taken as an example 
(Fig. 7). Inthis particular instance, itis apparent that 
any estimation of activity which utilizes the overall 
gas volume changes occurring in 2 given time may be 
very much inerror. Up to the first 60 sec. of the re- 
action, the inhibiting effect of the dye is quite clear, 
but as shaking continues the stabilizing property 
tends to become more evident, so that an estimation 
of activity based upon figures obtained after 100 sec. 
would suggest some degree of activation. 
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In conclusion, we would again emphasize that 
when all possible precautions were taken to eliminate 
sources of error, complete agreement has been 
obtained between all three methods used in this work 
for the measurement of the enzyme activity. Since 
all of the substances tested failed to show any signs 
of true activating properties on highly purified 
carbonic anhydrase in the presence of peptone, the 
claims to the existence of activators of this enzyme 
must be rejected until more reliable and convincing 
evidence has been produced. Satisfactory evidence 
is not likely to be forthcoming by mere repetition of 
the older work, using the less highly developed 
methods. In fact, we believe that the results 
obtained in the present investigation show the need 
for rapid reaction methods in further work of this 
kind, enabling the highest possible enzyme concen- 
trations to be used. Not only would this tend to 
eliminate errors due to surface effects and traces of 
inhibitors, but it would enable a closer approach to 
be made to the physiological conditions under which 
carbonic anhydrase functions in the living organism. 
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SUMMARY 


1. Carbonic anhydrase activity was estimated 
manometrically and by a new colorimetric method 
which enabled higher enzyme concentrations to be 
used than were previously possible. Some obser- 
vations have also been made on a rapid-flow 
adaptation of Faurholt’s carbamino method for 
measuring the rate of hydration of carbon dioxide. 

2. Provided that all precautions were taken to 
eliminate errors due to stabilization of the enzyme, 
no evidence could be obtained to support the claims 
that certain substances are activators of carbonic 
anhydrase. 


We would like to express our thanks to Prof. D. Keilin, 
F.R.S., and Prof. F. J. W. Roughton, F.R.S., for their 
interest in this work and for helpful suggestions during its 
progress. The investigation was carried out during the 
tenure by one of us (A. M. C.) of an 1851 Exhibition Science 
Research Scholarship. 
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APPENDIX 


By D. D. PERRIN 
Department of Colloid Science, University of Cambridge 


The new colorimetric method for studying the 
hydration of carbon dioxide involves the rapid 
mixing of a saturated solution of carbon dioxide with 
a suitable buffer solution in the presence of an appro- 
priate indicator, followed by a continuous recording 


of the rate of the subsequent colour change. A 
modified Chance rapid-reaction apparatus (Chance, 
1940) was used, the two solutions being expelled at 
the same rate from similar all-glass syringes and 
mixed in a small mixing chamber before being driven 
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rapidly down a capillary tube between a light source 
and a photocell. Under normal experimental con- 
ditions, in which 10 ml. of mixed fluid passed along 
the tube in approximately 2 sec., the time taken by 
the mixed solution to travel from the mixing chamber 
to the observation portion of the capillary tube was 
of the order of several milliseconds. The flow of 
liquid was suddenly arrested, a portion of the 
freshly mixed material being thus interposed be- 
tween the light source and the photocell. The sub- 
sequent pH changes, which arose from the hydration 
of carbon dioxide in accordance with the equations: 


CO,+ H,O =H,CO,, 
H,CO, =H’ + HCO, 
H’+B’=HB, 
produced corresponding changes in the indicator 
colour and hence in the photocell current. These 
changes were amplified and registered on a constant 
speed Hughes Mark 5B Single Channel Recorder. 
Since the apparatus had previously been calibrated 
using standard buffer solutions, a pH/time curve was 
readily constructed. From this curve the carbon 
dioxide concentration could be computed, using the 
equation 
[B’]+ [HB] 
CO.)]:= [CO2]) — [B’]}) + ————; 
[COs]= [CO — [B+ Fag 


where B’ is the buffer anion concentration, HB the 
buffer acid concentration and K the apparent dis- 
sociation constant of the buffer acid. This equation 
was derived as follows. By the principle of electro- 
neutrality we have 


[H"]+ [Na‘]=(|B’]+[HU03]+[In’]+[0H’], (i) 


where [In’] is the indicator anion concentration and 
[Na’] the total alkali metal cation concentration. 
Within the pH range 5-5-8-5 and with normal in- 
dicator concentrations, [Na’], [B’] and [HCO,’] are 
very much greater than [H"], [OH’] and [In’], so that 
to a good degree of approximation 


[Na*]=[B’]+ [HCO]. (ii) 
But since the ionization of carbonic acid and the 


buffer acid occurs almost simultaneously (Roughton, 
1930), we have at all times 


Qy. Gy = Kagp, 


hence [H‘][B’]=K [HB] ~@2-= K’ [HB], 
Sa-Se 


(iii) 
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where a and f denote activity and activity coefficient 
respectively. Since, under the conditions of the 
experiment, [B’]+ [HB] is constant, it follows from 
equation (ii) that 

K’ ((B’]+ [HB)) 


Oe a (iv) 
Substitution in equation (ii) then gives 
[HCO{]=(Na‘}—* B+ HB) yy 


K’+[H'] 
Now 


[HCO 3], + [H,CO5], + [CO,], 
= [HCO], + [H,CO,], + [CO,],, 


and it can be readily deduced from known equili- 

brium constants (Roughton, 1943) that relative to 

[CO,], the terms [H,CO,],, [H,CO,], and [HCO,’], are 

negligibly small, so that equation (v) may be written 

as 

K’ ([B’]+ [HB)) 
K’+[H’] 

K’ ((B’]+ [HB)) 
K’+[H’] 





[CO,],= [CO], —[Na"]+ 
r. (vi) 





=[CO,], — [B’))+ 


The value of K’ varies slightly with pH and buffer 
concentration, but may be computed directly from 
the Henderson equation by using known concen- 
trations of buffer anion and acid and determining 
the pH of the mixture by the glass electrode. 

The slope of the plot of In [CO,] against time gives 
the first order velocity constant for the hydration 
reaction. Typical systems for use in this way are 
phosphate buffers (pH 8-0) with bromothymol blue, 
and veronate buffers (pH 8-6) with phenol red. In 
view of possible indicator error, especially with 
bromothymol blue, it is necessary in experiments 
using biological material that the pH standards 
used in the calibration should contain all substances 
used in the final run. 

The validity of the method was checked by deter- 
mining the velocity of the uncatalysed hydration of 
carbon dioxide, using both phosphate and veronate 
buffers. The mean of two runs using the former and 
of three runs with the later buffer at approximately 
18°, gave values of the velocity constant agreeing 
within 10 % with the manometric value. 


The author wishes to thank Mr T. Robinson for help in 
the construction of the electronic equipment and Mr L. 
Saggers for building the mixing apparatus. 


REFERENCES 


Chance, B. (1940). J. Franklin Inst. 229, 737. 
Roughton, F. J.. W. (1930). Proc. roy. Soc. A, 155, 277. 


Roughton, F. J. W. (1943). Harvey Lect. 39, 96. 








IQ5I 


The Reaction of Oxidizing Agents with Wool 
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The role of tyrosine in metabolic processes and 
enzyme reactions has received detailed investigation, 
but the chemical reactivity and in particular the 
oxidation of this amino-acid in proteins has received 
little attention. The oxidation products of tyrosine 
itself depend on the reagent used (cf. Denis, 1912; 
Langheld, 1909) and indirect evidence indicates the 
formation of an indole derivative (Drake & Smythe, 
1944; Raper, 1932). Permanganate oxidizes the 
tyrosine in wool to a quinone (Alexander, Carter & 
Hudson, 1949), and iodine forms mono- and di-iodo 
tyrosine in proteins (Mirsky & Anson, 1936). All the 
tyrosine in silk and wool was shown to be methy- 
lated by diazomethane (Rutherford, Patterson & 
Harris, 1940) and to be nitrated by n-nitric acid at 
70° (Zahn & Kohler, 1950) without any oxidation of 
the disulphide bond occurring. 

On the other hand, treatment of globular proteins 
with the Folin phenol reagent (Herriott & Northrup, 
1935, 1936) and keten (Rovery & Desnuelle, 1948) 
revealed that some of the tyrosine hydroxyl groups 
were inaccessible to these reagents. Crammer & 
Neuberger (1943) showed spectroscopically that a 
large proportion of the tyrosine in egg albumin does 
not ionize at pH 12, and from the alkali-combining 
capacity of wool it can be concluded (Schmidt, 1944) 
that the tyrosine has not combined with hydroxyl 
ions at pH 12; at this pH the phenolic groups in 
tyrosine and tyrosine peptides are fully ionized. It is 
unlikely that the tyrosine side chains in wool are 
inaccessible to the small hydroxy] ion, and it appears 
more probable that the phenolic groups take part in 
hydrogen bonding which raises their pK so that they 
no longer titrate at pH 12. 

In this paper it is shown that the tyrosine in wool 
can be divided into two fractions of widely differing 
reactivity with oxidizing agents, and its behaviour 
in this respect is very similar to that observed in the 
oxidation of cystine in wool (Alexander, Hudson & 
Fox, 1950). 


EXPERIMENTAL 


The preparation of the wool samples, the procedure for the 
oxidation by solutions of Cl, ,K MnO, and peracetic acid, and 
also the preparation of the modified wool samples and horn 
were carried out exactly as described previously (Alexander, 
Hudson & Fox, 1950). The reactions with silk were carried 


out as for wool, the samples having been previously de- 
gummed and extracted in a Soxhlet apparatus with ether, 
ethanol and water. 

Preparation of tyrosine peptides. Three simple tyrosine 
peptides, glycyltyrosine, tyrosylglycine and glycyltyrosyl- 
glycine, were prepared by the method of Bailey (1949). All 
three of these peptides had been previously prepared and 
their properties reported (Fruton, 1949). The preparation of 
glycyltyrosine, for example, followed the following scheme. 
Tyrosine was first acetylated, then allowed to react at — 10° 
with a mixture of molar quantities of triethylamine and 
anhydrocarboxyglycine in dioxan solution. The N-carboxy- 
anhydrides used in these preparations were prepared by the 
Bergmann (1932) method, in which the insoluble carbo- 
benzyloxy derivatives were made directly from the amino- 
acid and benzyl chloroformate followed by reaction with 
either SOCI, or PCl;. After 1 hr. the temperature was raised 
to 0° and then the mixture heated to 25-40° in vacuo when 
the carbamate containing the tertiary base decomposed to 
leave the peptide ester. 

The acetyl group was hydrolysed with 0-1 N-Ba(OH), for 
lhr. at room temperature, followed by neutralization with 
H,SO,, filtration and drying on a water bath. The peptides 
were characterized by N analyses and by their tyrosine 
content, which was determined colorimetrically with Millon’s 
reagent (Table 1). 


Table 1. Chemical composition of tyrosine peptides 


(The calculated values are given in brackets.) 


Tyrosine Total N Amino N 
Peptide (%) (%) (%) 
Tyrosylglycine 72-7 (76-04) 11-4 (11-76) 5-8 (5-88) 
Glycyltyrosyl- 50-5 (61-35) 14-3 (14:22) 4-7 (4-75) 
glycine 
Glycyltyrosine 73-1 (76-04) 11-9 (11-76) 5-7 (5-88) 


All the amino-acids used were obtained from British Drug 
Houses Ltd., and polyglycine, polyalanine and polycystine 
were obtained by adding water to a 10% solution of the 
N-carboxyanhydride of the corresponding amino-acid in 
dioxan (Alexander, Bailey & Carter, 1950). The molecular 
weights of the polypeptides were 2000, 1200 and 1400 
respectively, as estimated from amino N determinations. 

Reaction of tyrosine and tyrosine peptides with chlorine 
solutions. An accurately known quantity of between 25 and 
50 mg. of the material was dissolved in 50 ml. of a solution 
containing varying concentrations of Cl, adjusted to a pH 
of 2 or 10 and allowed to stand at room temperature until 
a sample taken from the solution no longer oxidized HI. 
Samples containing approximately the equivalent of 1 mg. 
of tyrosine were then taken and the tyrosine content deter- 
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mined colorimetrically. The Cl” ion concentration in the 
sample was adjusted to be less than 2-5 x 10-4 so as not to 
interfere with the estimation. 

To determine whether the Cl, had been reduced to Cl™ 
or reacted by substitution in the tyrosine, the total Cl™ 
concentration was determined after reaction by precipitation 
with AgNO . 

Rate of reaction of amino-acids and polypeptides with chlorine 
solutions. A solution (10 ml.) containing 0-05 g. of the amino- 
acid or polypeptide and 0-1 g. of Cl, adjusted to either pH 2 
or 10 was prepared, and the rate of reaction determined by 
measuring the oxidizing power of samples periodically with- 
drawn from the solution with KI and thiosulphate. Cystine 
and the polypeptides were not sufficiently soluble and were 
added to the chlorine solution as a powder and the reaction 
carried out under vigorous stirring. 

Oxidation of wool fractions obtained by treatment with 
peracetic acid. After oxidizing more than 90 % of the cystine 
groups, wool can be fractionated into a high-molecular 
weight fraction soluble in NH,, and an insoluble fraction in 
the form of a membrane representing approximately 8% of 
the total wool substance (Alexander & Earland, 1950). These 
two fractions give X-ray diffraction patterns typical of «- 
and f-keratin respectively (Alexander, Earland & Happey, 
1950), and will be referred to as «- and f-keratose. The 
«-keratose, which dissolves in a buffer solution at pH 10, was 
made insoluble by refluxing the powder for 1 hr. with 
methanol containing 0-1 N-HCl (Fraenkel-Conrat & Olcott, 
1945) so as to esterify the sulphonic acid groups which render 
the keratose soluble. 

Samples of 0-5 g. of the «- or esterified «-keratose or 
B-keratose were added to solutions of pH 2 or 10 containing 
varying quantities of Cl, and allowed to react in a closed 
vessel till a sample taken from the solution no longer 
oxidized HI. The powder was then filtered off, washed, dried 
and hydrolysed and the tyrosine content determined. 
a-Keratose dissolved completely in solutions of pH 10 and 
in this case the whole of the solution was hydrolysed and 
the tyrosine content determined. 

Combined chlorine in wool. After chlorination the wool was 
washed for 2 hr. with water at 80° which was shown to remove 
all physically held chlorine (Alexander, Gough & Hudson, 
1949). The wool was then dried, weighed and heated for 
2 hr. with conc. HNO, saturated with AgNO,. The wool 
dissolved completely and its Cl” content was determined 
from the quantity of the AgCl precipitate. Experiments 
employing dichlorotyrosine under these conditions showed 
that all the chlorine was liberated as chloride. 

Tyrosine analysis. The tyrosine content of virgin wool 
fibres has been determined by various workers, the values 
obtained ranging from 4-5 to 5-8%. Marston (1928) found 
a value of 4-8%; Block (1937), 4.5%; Block (1939), 48%; 
Rutherford et al. (1940), 58% and Middlebrook (1949), 
5-43%. These workers used either the method of Thomas 
(1944) or some modification of the Millon reaction. On 
comparing the two methods with the hydrolysates of 
oxidized wool it was found that the Thomas method gave 
inconsistent and often obviously erroneous values, whereas 
Lugg’s (1937) modification of the Millon reaction gave con- 
sistent and reproducible results. The protein samples were 
hydrolysed for 5 hr. with 5n-H,SO, at 120° in a sealed tube. 
It was necessary to employ H,SO, as hydrolysing agent since 
it was found that more than 2-5 x10-4n-Cl” in the test 
solution interfered with the Lugg reaction, giving low values 
for tyrosine. The hydrolysate was then treated by the Lugg 
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procedure, the red colour being measured with a Spekker 
colorimeter. Untreated wool fabric samples were periodically 
examined and their tyrosine content found in every case to 
be 5-50 (+0-15)%, a value in good agreement with those 
obtained in other recent work. During some of the oxidative 
treatments there occurred a considerable weight loss and 
in all cases the percentage loss of tyrosine is expressed in 
terms of the tyrosine content of the sample before oxidation, 
since no tyrosine was found in any of the reaction solutions. 
It was found that the three tyrosine peptides investigated 
gave quantitatively the same colour with Millon’s reagent 
as tyrosine and their oxidation could be followed without 
hydrolysis of the samples. 

According to Lugg (1937), all phenols which are not di- 
substituted in the o- or m-position give a positive colour 
with Millon’s reagent. An extensive series of phenols was 
examined in this work and it was found that all p-substituted 
phenols and mono-m-substituted phenols gave a positive 
reaction, but that substitution in one of the o-positions was 
sufficient to prevent the formation of the colour. Thus, both 
mono- and di-chlorotyrosine failed to give the red colour. 


RESULTS 


Reaction of wool with chlorine solutions at different 
hydrogen-ion concentrations 


Wool samples were treated with different quan- 
tities of chlorine and hypochlorite at pH 2 and 10, 
respectively, and the tyrosine content of the wool 
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Fig. 1. Disappearance of tyrosine of wool on treatment with 
different quantities of chlorine at pH 2 and 10. © ©, 
chlorination at pH 2 at 0°; © ®, chlorination at 
pH 10 at 0°. 








determined (Fig. 1). In solutions at pH 10 hypo- 
chlorite is expressed as chlorine. A solution of 
chlorine as used in these experiments consists almost 
entirely of Cl, molecules at pH 2, and almost entirely 
of hypochlorite ions at pH 10 (Alexander, Hudson & 
Fox, 1950). The rate of the reaction between chlorine 
solutions and wool at various pH values have been 
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recorded elsewhere (Alexander, Gough & Hudson, 
1951). It is seen clearly that chlorine at pH 2 can, 
in sufficient concentration, oxidize nearly all the 
tyrosine of wool. Hypochlorite, however, can only 
oxidize about 30 % of the tyrosine and that fraction 
of the reagent which is in excess of the amount 
required for complete oxidation of this fraction, is 
presumably used in reactions with other groups in the 
wool fibres. 

It was found that chlorine solutions at pH 2, 4 and 
6 behaved in the same manner and the indications 
are that, providing sufficient oxidizing agent is 
employed, all the tyrosine may be oxidized (Table 2). 
Hypochlorite solutions at pH 7 and 8 were still 
capable of removing most of the tyrosine, but more 
chlorine was necessary for the oxidation than at 
lower pH values. 





Table 2. Percentage of tyrosine in wool oxidized 
at 0° by chlorine solutions buffered at different 





pH values 
Chlorine Tyrosine lost 
reduced (% of that originally present) 
(g-/100g.  - os = 
wool) pH2 pH4 pH6 pH7 pH8 pH10 
2 661 — — — —_ 1:3 
5 12-7 — -— 7-21 896 9-90 
10 29 —- — 224 135 149 
s 4 - —- —- 
35 — — — — — 365 
50 76-4 87-4 72:5 59-0 _— 30-0 
75 90-2 — _ — — — 
100 _— — _ — 688 — 


From the change in constitution of a chlorine 
solution with pH (Alexander, Gough & Hudson, 
1951) it appears that both molecular chlorine and 
hypochlorous acid can oxidize all the tyrosine of wool, 
whereas hypochlorite ions are able to oxidize only 
about 30 % of that present. At pH 7 and 8 obviously 
some of the oxidizing agent is used in the reaction 
with groups other than tyrosine and hence, greater 
quantities of chlorine are required than at pH 2 in 
order to remove the same proportion of tyrosine. 

Since tyrosine containing chlorine in the o- 
position does not give a colour with Millon’s reagent, 
it seemed possible that chlorine had reacted by 
substitution in the benzene ring. If all the tyrosine 
in wool had reacted in this way, the combined 
chlorine in the wool would be 1-1 or 2-2 % depending 
on whether the mono- or di-substituted compound 
had been formed. The quantities of chlorine chemi- 
cally combined and not removed by washing with 
hot water of wool samples which have been reacted 
with different chlorine solutions are much too small 
to account for the observed loss of tyrosine by 
nuclear substitution (Table 3) and it must be con- 
cluded that the phenol ring is extensively oxidized 
by chlorine. 
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Table 3. Uptake of chlorine by wool during 
reaction with chlorine solutions at pH 2 


and 10 at 25° 
Chlorine remaining 
Chlorine used in the wool 
(g./100 g. of wool) (g./100 g. wool) 
None 0-08 
35-0 at pH 2 0-14 
50-0 at pH 2 0-25 
35-0 at pH 10 0-18 


Moreover, in every case more than 90% of the 
chlorine which had reacted both at pH 2 and 10 had 
been reduced to chloride ions. 


Oxidation with permanganate 


Acid .permanganate treatment is similar to 
alkaline chlorination in that it oxidizes only 30% 
of the available tyrosine. Alkaline permanganate 
solutions, however, are capable of oxidizing a greater 
proportion of the tyrosine (see Table 4). 


Table 4. Proportion of tyrosine in wool oxidized 
by KMn0O, at 0° 


KMn0O, reduced 
(g./100 g. of wool) 


Tyrosine oxidized 
(% of that originally present) 


At pH 2: 

6-25 10-5 
12-50 27-9 
25-00 31-7 

At pH 9-2: 

6-25 15-4 
12-50 26-1 
25-00 43-6 


Tyrosine and tyrosine peptides react rapidly and 
completely with both acid and alkaline perman- 
ganate (Alexander, Carter & Hudson, 1949). 


Oxidation with peracetic acid 


Toennies & Hommiller (1942) showed that per- 
formic acid reacts only with cystine, methionine and 
tryptophan, but not with other amino-acids oc- 
curring in proteins. It was found by Alexander, 
Hudson & Fox (1950) that, whereas aqueous solu- 
tions of performic acid were unstable, those of per- 
acetic acid could be stored without loss of oxidizing 
power for many days. Preliminary experiments 
using paper chromatography indicated that peracetic 
acid exhibited the same specificity as performic 
acid; in the reaction with wool it was possible to 
oxidize exclusively the disulphide bond of cystine 
and the tryptophan side chains. The tyrosine con- 
tents of wool samples treated with peracetic acid 
solutions for periods up to 20 hr. were reduced by 
less than 2% (the experimental error of the deter- 
mination). The specificity of peracetic acid is thus 
confirmed. After oxidation with peracetic acid the 
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Table 5. Oxidation by chlorine of tyrosine of wool before and after esterification 
(50 g. Chlorine/100 g. of esterified wool at pH 2 and 10 at 0°.) 
Tyrosine content of wool 
Tyrosine oxidized 
After After (% of that originally present) 
Pretreatment After chlorination chlorination =, 
of wool pretreatment at pH 2 at pH 10 pH 2 pH 10 
None 5-50 1-30 3-85 76-4 30-0 
70% of the carboxyl groups 5-14 1-39 3-20 73-0 37-7 
esterified 
Table 6. Oxidation by chlorine of wool before and after acetylation 
(20 g. Chlorine/100 g. of acetylated wool at pH 2 and 10 at 0°.) 
Tyrosine content of wool 
Tyrosine oxidized 
After After % of that originally present) 
Pretreatment After chlorination chlorination —_—_—_—_M@A[H7 
of wool pretreatment at pH 2-0 at pH 10-0 pH 2 pH 10 
None 5-50 3-20 4-06 41-1 25-9 
80% of the amino groups 5-48 2-83 3-97 47-6 29-1 
acetylated 


weight of the wool sample was increased by 3 % and 
this was corrected for when calculating the tyrosine 
content. 


Oxidation of modified wool samples and horn 


The proportion of tyrosine in wool accessible to 
hypochlorite ions was not significantly affected 
either by esterifying the carboxy] or acetylating the 
amino groups (Tables 5 and 6). The failure of two- 
thirds of the tyrosine to react with alkaline hypo- 
chlorite cannot therefore be attributed to the 


Table 7. Oxidation by chlorine of tyrosine in 
powdered horn keratin at pH 2 and 10 and 0° 


Chlorine Tyrosine 
used Tyrosine oxidized 
(g./100 g. horn) content %) 
None 3-97 _— 
At pH 10: 
10-0 3-91 1-51 
35-0 3°39 14-6 
50-0 2-74 31-0 
At pH 2: 
50-0 1-36 66-0 


proximity of charged groupings which influence the 
approach of ions. 

In horn, also, only part of the tyrosine present was 
oxidized by alkaline hypochlorite, whereas nearly 
the whole reacted with acid chlorine solutions 
(Table 7). Wool and horn, though chemically alike, 
are very dissimilar morphologically. It is therefore 
very unlikely that the difference in reactivity of part 
of the tyrosine is due to physical inaccessibility to 
hypochlorite and permanganate ions. 


The oxidation of tyrosine peptides with chlorine 
solutions at pH 2 and 10 

The whole of the tyrosine in the three peptides 
examined, glycyltyrosine, tyrosylglycine and glycyl- 
tyrosylg!ycine was oxidized by chlorine at both 
pH 2 and 10. Moreover, acid and alkaline solutions 
were equally effective, since in both cases approxi- 
mately 4-6 equivalents of chlorine were consumed 
per mol. of tyrosine (Table 8). 

As in the case of wool, none of the chlorine had 
combined with the tyrosine in the peptides, but it 
had all been reduced to chloride ions which were 
precipitated quantitatively with silver nitrate. 


Table 8. Oxidation of tyrosine with chlorine at pH 2 and 10 at 25° in tyrosine, 
glycyltyrosine, tyrosylglycine and glycyltyrosylglycine 











Equiv. Tyrosine oxidized (%) 
chlorine — TT \ 
reacted/mol. Tyrosylglycine Glycyltyrosine Glycyltyrosylglycine Tyrosine 

of cr o —aecate \ e : — 

tyrosine pH2 pH 10 pH 2 pH 10 pH 2 pH 10 pH 2 pH 10 
2-0 44-9 50-5 47-6 38-5 36-0 33-3 13-4* 10-6* 
4-0 75-2 72-5 71-0 68-4 65-3 53-3 78-9 61-5 
8-8 100 93-6 100 95-0 96-6 96-6 — _ 


* In these experiments the quantity of chlorine reacted with 1-7 equiv./mol. of tyrosine. 








Reaction of silk with chlorine solutions 
at pH 2 and 10 


The behaviour of the tyrosine in silk is different 
both from that in wool and from that in simple 
peptides. There was no indication of two tyrosine 
fractions with different reactivities, but all of it was 
mouch less readily oxidized by hypochlorite at pH 10 
than by chlorine at pH 2 (Table 9). Thus, although 


Table 9. Oxidation of tyrosine in silk by chlorine 
at pH 2 and 10 both at 25° 


Tyrosine oxidized 


Chlorine used (% of that originally present*) 
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Reaction of «- and B-keratose obtained from 
peracetic acid treated wool with chlorine 
solutions at pH 2 and 10 


The same proportion of tyrosine was oxidized by 
equal amounts of chlorine at pH 2 and 10 (Table 10) 
in the insoluble subcuticle of wool, B-keratose, which 
resembles in this respect the simple tyrosine pep- 
tides. The tyrosine in «-keratose (Alexander, Earland 
& Happey, 1950), the soluble high molecular weight 
derivative which represents between 50-60 % of the 
wool substance, was much more readily oxidized by 
chlorine than by hypochlorite ions. More than twice 
as much chlorine was necessary at pH 10 as at 
pH 2 for oxidation of the same proportion of tyrosine. 
There was, however, no indication of the division of 


(g./100 g. silk) 
pH 2 pH 10 the tyrosine into two fractions; it is probable that 
5 22-2 6-7 all of it may eventually be oxidized by chlorine in 
10 56-7 13-3 sufficient quantity at pH 10 (Table 10) and also by 
= 95-6 ae potassium permanganate. 


* The tyrosine content of the original silk was found to 
be 900%. 


all the tyrosine could be oxidized at pH 2 and 10 it 
required approximately five times as much chlorine 
to oxidize it with hypochlorite ions as with 
chlorine molecules. The rate of reaction of chlorine 
solutions with silk, when diffusion within the fibre 
was rate controlling, was determined in the same 
way as with wool (Alexander, Gough & Hudson, 
1949) and was found to vary inversely with the pH 
of the solution over the range examined, i.e. from 
pH 2to 10. For want of a better means of expressing 
the relative reaction rates under various conditions, 
the periods of half-life are used. These were found 
to be 3-4 min. at pH 2 and 20 min. at pH 10 using 
20% of chlorine in terms of silk, with a ratio of 
solution to fibres of 150: 1. In this respect, also, silk 
differs markedly from wool, the reaction rate of 
which is constant in the range pH 2-7 (Alexander, 
Gough & Hudson, 1951). 


Since the «-keratose was dissolved in pH 10 buffer, 
it was thought that the difference in reaction might 
be due to the fact that at pH 10 the reaction was 
homogeneous, whereas at pH 2 it was heterogeneous. 
Accordingly, the experiments were repeated with 
esterified «-keratose, which was not soluble in a 
buffer at pH 10. However, it was still found that less 
chlorine was required at pH 2 than at pH 10 to 
oxidize the same proportion of tyrosine. 


Reaction of amino-acids and polypeptides with 
chlorine solutions at pH. 2 and 10 

Chromatographic analysis of wool samples in 
which all of the tyrosine and cystine had been 
oxidized by chlorine indicated that no other amino- 
acids had been preferentially attacked, except 
tryptophan which could not be detected. On the 
other hand, most of the free amino-acids react 
rapidly with chlorine solutions in acid and alkaline 
solution. Solutions of amino-acids at pH 2 and 10 
were allowed to react with twice their weight of 
chlorine at 25° and the disappearance of oxidizing 


Table 10. Oxidation of tyrosine in «- and B-keratose and in esterified «-keratose 
by chlorine solutions at pH 2 and 10, both at 25° 


Tyrosine oxidized 
(% of that originally present*) 


Chlorine rediiced (0/\ 


Cl, used B-Keratose a-Keratose Esterified «-keratose 
(g./100 g. 
of material) pH 2 pH 10 pH 2 pH 10 pH 2 pH 10 
2 _ _ 25°5 18-2 28-9 16-4 
5 31-6 36-8 46-8 28-3 57-0 23-4 
10 53-9 40-8 54-2 36-2 77-7 52-6 
20 — a _ 41:3 -— — 
35 88-0 80-5 — _- — 62-8 
50 96-1 — 89-4 60-9 * 95-4 76-8 


* Tyrosine content of fractions before oxidation with chlorine: «-keratose, 4-70%, B-keratose, 380%. 
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power determined by periodic titration of samples; 
typical results are shown in Fig. 2. In cases where 
the reaction was rapid (e.g. alanine and tyrosine), 
the equivalents of chlorine consumed/mol. of amino- 
acid were calculated from the amount of chlorine 
reacted at the time when the curve flattened out; 
the value obtained was found to be independent of 
the concentrations of the reactants. The rate of 
reaction is expressed as the time, ty.,, for half the 
chlorine reacting to be consumed. 






Glycine 


Chlorine reduced (%) 


0 5 10 15 20 25 30 35 40 45 50 55 60 
Time (min.) 


Fig. 2. Rate of reduction of a solution of chlorine (1 g. of 
chlorine/100 ml. of solution at pH 2 and at 18-5°) by the 
amino-acids; glycine, ® ©; alanine, O——© and 
tyrosine, © © (0-5 g./100 ml. of solution). 








The shapes of the kinetic curves for glycine 
(Fig. 2), lysine and the polypeptides were such that 
the equivalents of chlorine reduced per mol. of 
amino-acid could not be calculated. In all cases, 
even where there was no apparent loss of oxidizing 
power of the solution as determined by oxidation 
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of iodide, chlorine disappeared rapidly from solution, 
probably to form a chloroamine. The concentration 
of free chlorine in solution was determined by 
extraction with carbon tetrachloride and it was 
found that 1 equiv. of chlorine per mol. of glycine 
had reacted in less than 1 min. The reaction product, 
a chloroamine, though insoluble in carbon tetra- 
chloride, still oxidized iodide. 

It can be seen from Table 11 that all the amino- 
acids, with the exception of glycine, are readily 
oxidized by chlorine at pH 2 and 10. Approxi- 
mately the same number of equivalents of chlorine 
per mol. of amino-acid were required at pH 2 and 10, 
but the reaction was in most cases considerably 
slower in alkaline solution. Cystine and the poly- 
peptides were oxidized as powders and their reaction 
rates are therefore not comparable with those of the 
other amino-acids in Table 11. Potassium perman- 
ganate is much more specific than chlorine and only 
tyrosine and cystine react with the former in less than 
4 hr. at room temperature (Alexander, Carter & 
Hudson, 1949). 


DISCUSSION 


The experiments in the foregoing section establish 
clearly that the tyrosine in wool is divided into two 
fractions of widely differing reactivities. All the 
tyrosine is oxidized by chlorine and hypochlorous 
acid, whereas only 30% reacts with hypochlorite 
ions and acid solutions of permanganate. This 
behaviour of tyrosine is similar to that of cystine 
in wool of which only 25% is oxidized by hypo- 
chlorite (Alexander, Hudson & Fox, 1950). In 
neither case can morphological factors, such as 
physical inaccessibility of a portion of the fibre to 
certain reagents, explain the observations, since the 
differences persist in powdered horn which bears 
no histological resemblance to wool. Blocking the 


Table 11. Reaction of amino-acids and polypeptides with chlorine solutions 
at pH 2 and 10 at 18-5° 


Equiv. chlorine reduced/mol. 


Approx. fy.; of reaction 


of amino-acid (min.) 
| 
Amino-acid or peptide pH 2 pH 10 pH 2 pH 10 

Glycine * - >100 14 
Alanine 3-4 3-1 18 15 
Leucine 3-0 3-3 0-8 100 
Serine 1-5 — 7-0 — 
Methionine 3-5 _— 0-3 _— 
Cystine 10-8 11-6 2-5 2-4 
Tyrosine 8-4 7-8 1-5 7-5 
Glutamic acid 3-1 4-1 0-9 40 
Aspartic acid 3-0 — 1-6 32 
Arginine 6-0 6-9 7-0 20 
Tryptophan _ 10-2 _ 1-5 
Polycystine 5 ° 15 60 
Polyalanine . * 40 42 
Polyglycine + . > 100 12 


* Value could not be calculated. 
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charged amino or carboxyl groups fails to influence 
the differential behaviour of the two tyrosine and 
cystine fractions and the differences in reactivity can 
thus not be attributed to the repulsions of the 
oxidizing ions by charged groups in the vicinity of 
the cystine or tyrosine. In the case of cystine it was 
thought that the reactivity of the disulphide group 
may be dependent on induced electrical effects from 
neighbouring groups and that in certain combina- 
tions with amino-acids cystine may be oxidized 
by chlorine solutions at pH 2 and not at pH 10 
(Alexander, Hudson & Fox, 1950). However, ex- 
periments, as yet unpublished, with a large number 
of cystine peptides failed to reveal any combination 
in which the disulphide bond was not oxidized 
equally readily by chlorine solutions at pH 2 and 10. 
In this paper it is shown that the tyrosine exhibits 
comparable reactivities in three peptides in which it 
was incorporated in different positions and that in 
every case chlorine at pH 2 and 10 is equally 
effective. It is therefore improbable that the 
differences in reactivity are produced by purely 
chemical factors. 

There is an interesting difference in the reactivity 
of tyrosine and cystine in wool with alkaline per- 
manganate. Both these amino-acids themselves or 
in combination in simple peptides are rapidly 
oxidized by this reagent; yet in wool alkaline per- 
manganate oxidizes the tyrosine but not the disul- 
phide bond of cystine (Alexander, Hudson & Fox, 
1950). It is difficult to see why incorporation in a 
protein should render cystine but not tyrosine in- 
accessible to alkaline permanganate, especially since 
the two amino-acids behave alike in their reaction 
with solutions of acid permanganate. In general, 
however, the reactions of tyrosine and cystine in wool 
are so similar that it seems highly probable that a 
similar cause is responsible for their division into 
two fractions of different reactivities with oxidizing 
agents. 

Besides wool there is no fibrous protein rich in 
cystine, the oxidation of which could therefore not 
be studied in other systems. A comparison is, how- 
ever, possible in the case of tyrosine whose oxidation 
in both silk and wool was studied. The tyrosine in 
silk does not appear to fall into two fractions, but all 
of it is much less readily oxidized by hypochlorite 
than by chlorine (Table 10) although all of it is 
eventually oxidized by chlorine solutions at pH 10. 
The tyrosine in silk, unlike the tyrosine in peptides, 
exhibits a differential chemical reactivity towards 
chlorine and hypochlorite, although it is physically 
accessible to both reagents. The tyrosine in the high- 
molecular weight product, «-keratose, obtained from 
wool which had been rendered soluble by oxidizing 
disulphide bonds only, behaves as in silk. It cannot 
be divided into two fractions, but all of it reacts 
much less readily with hypochlorite than chlorine. 
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On the other hand, the tyrosine in the insoluble 
material, B-keratose is oxidized equally readily by 
chlorine solutions at pH 2 and 10. 

The occurrence of different tyrosine fractions in 
wool can be explained in the light of the results with 
a-keratose and silk on the basis of the recently 
developed picture of molecular structure of wool. 
Apart from the cuticle the wool consists of spindle 
cells which become completely soluble in weak alkali 
or hydrogen bond-breaking solvents after the disul- 
phide bonds have been split. The soluble protein can 
be fractionated into an electrophoretically homo- 
geneous fraction («-keratose) of mol. wt. 70,000 
which contains relatively little sulphur and a hetero- 
geneous fraction of low molecular weight which 
contains most of the sulphur in wool as cysteic acid 
(Alexander, Earland & Happey, 1950). There is con- 
siderable evidence from physical measurements 
(Alexander, 1950) that the high-molecular weight 
fraction forms micelles of polypeptide chains held 
together by hydrogen bonds and that the low- 
molecular weight material acts as a highly cross- 
linked cement between the micelles. The cortex of 
wool can therefore be considered as a two-phase 
system consisting of aggregates of long polypeptide 
chains mixed with relatively low-molecular weight 
polypeptides. Chlorine oxidizes cystine and tyrosine 
preferentially in both the high- and low-molecular 
weight fractions. The hypochlorite ion exhibits the 
same preferential attack in the low-molecular weight 
fraction and in peptides, but not in the high-mole- 
cular weight fraction or in silk where all amino-acids 
are slowly attacked simultaneously. In the two- 
phase system of wool, therefore, chlorine oxidizes 
all the tyrosine and cystine, whereas hypochlorite 
oxidizes preferentially only the tyrosine in the low- 
molecular weight fraction (30% of the whole) and 
hypochlorite in excess of this is used up in reaction 
with other amino-acids in the low-molecular weight 
fraction in preference to a general attack on the less 
reactive high-molecular weight material. The 70% 
of the tyrosine which is not oxidized by hypochlorite 
and permanganate is therefore not inaccessible, but 
present in a phase of the wool which is less reactive 
as a whole. In the 30 % fraction equal quantities of 
chlorine at pH 2 and 10 oxidize the same amount of 
tyrosine. 

The reactivity of cystine can obviously not be 
examined in the different wool fraction since 
oxidation of it is necessary before a separation can 
be effected. It is tempting, however, to explain the 
division of the cystine in the same way as for tyrosine. 
It is difficult to understand why hypochlorite, like 
chlorine, attacks the tyrosine much more readily 
than other amino-acids in peptides and f-keratose, 
but that no preferential oxidation takes place in the 
high molecular weight fibrous proteins, silk and 
a-keratose. 
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SUMMARY 


1. A study has been made of the reaction of 
different oxidizing agents with the tyrosine in wool, 
horn, silk, solubilized keratin, tyrosylglycine, glycyl- 
tyrosine, glycyltyrosylglycine. 

2. Chlorine and hypochlorous acid oxidize all the 
tyrosine in wool, whereas acid permanganate and 
alkaline hypochlorite oxidize only 30% of the 
tyrosine present. The tyrosine in wool may therefore 
be divided into two fractions, one of which is 
oxidized by the latter two reagents and the other not. 

3. Peracetic acid does not oxidize the tyrosine in 
any of the materials studied. 

4, There is no evidence for tyrosine fractions of 
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different reactivity in silk or the high-molecular 
weight keratin «-keratose rendered soluble by oxida- 
tion. More than twice as much chlorine is required 
at pH 10 than at pH 2 to oxidize the same amount of 
tyrosine in silk and «-keratose, whereas chlorine and 
hypochlorite are equally effective in oxidizing the 
tyrosine in simple peptides and low-molecular weight 
fractions of wool. 

5. The difference in reactivity of the two tyrosine 
fractions in wool is explained in terms of the 
structure for wool proposed by Alexander (1950). 
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